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ABSTRACT OF DISSERTATION

ELECTRICAL AND MAGNETIC TRANSPORT PROPERTIES OF PERIODIC AND
APERIODIC ARTIFICIAL SPIN ICE SYSTEMS
In recent years, the topic of magnetic frustration in systems and the effect that
frustration can have on system dynamics has been a rich environment for study. One
such system that lends itself directly to this study are systems of single domain
ferromagnetic bars in two dimensions. These ferromagnetic bars can be fabricated from a
thin film using current lithography techniques. The bars are fabricated in such a way that
their shape anisotropy dictates the magnetization of the bar will be a single domain,
Ising-like magnetic moment. These single domain magnetic bars scan be arranged to
introduce frustration of their contained magnetic moments. Collections of these arranged
single domain magnets are often referred to as an artificial spin ice (ASI). The use of this
test bed was first reported in 2006 by Wang et al., where frustrated correlations in a
square lattice arrangement of these single domain magnets were investigated. In 2008,
Qi et al. reported novel experimental results on connected ferromagnetic wires arranged
on a hexagonal lattice and the geometric frustration embedded in that system.
Much of the initial interest in the artificial spin ice came with the realization that the
vertices of these arrangements can be represented as clusters of magnetic charge that can
be interpreted as quasi-particles of magnetic charge. These quasi-particles of magnetic
charge are often thought of as an analog to the yet undiscovered magnetic monopole.
These quasi-particles can be manipulated by magnetic fields to form chains of aligned
spins that form an analog for Dirac Strings [01]. The study of these dynamics can give
insights into the complicated magnetically driven reversal and how these events are
governed by the competing constraints of ferromagnetic domain wall behavior versus the
magnetic frustration of the system.
Previous work on these systems of Ising-like arranged on a hexagonal lattice has
focused on the specifics of the magnetic reversal of the permalloy segments by domain
wall creation and propagation through the system. The overall nature of the
magnetoresistance (MR) signal in an applied magnetic field is dominated by the
anisotropic magnetoresistance (AMR). It has also been reported that the anisotropic
magnetoresistance is insufficient to describe the magnetic reversal and that the internal

energies of the vertices have a large influence. The charge order of the vertices can affect
the nature of the magnetic reversal of the entire system. In Le et al. the energetics of the
vertices were shown to have a substantial effect on the magnetic reversal at low fields
[02]. The full explanation of the magnetoresistance signal of the magnetic reversal of the
system can only be explained by understanding the impact of each of these competing
influences.
In this work, we look to compare the magnetic reversal behavior of a periodic
hexagonal lattice with one that has undergone a Fibonacci Sequence based distortion.
This distortion allows the continuous distortion of the periodic hexagonal lattice to an
aperiodic hexagonal lattice. Through this distortion we change the lengths of the
segments and the coordination of the vertices that connect the segments. In doing that we
change the magnitude of the Ising-like moment in each segment and the energy of their
corresponding vertices. This distortion will then directly affect the underlying forces that
mediates the resulting magnetic reversal.
We present a brief overview of the key concepts of these artificial spin ice
systems. Both connected and disconnected artificial spin ices.
We then discuss the development and implementation of the Fibonacci Distortion
on the hexagonal artificial spin ice. The details of the application of the distortion
explain how it is used to continuously distort a periodic lattice into an aperiodic lattice
and how those are qualitatively different.
We review past work done on the undistorted, periodic, hexagonal lattice and
contrast that work with results on the Fibonacci Hexagonal distorted aperiodic hexagonal
lattice. We compare these experimental results to magnetotransport experiment
simulations done with Object Oriented Micromagnetic Framework (OOMMF). We
discuss the nature of magnetotransport results and simulated magnetization images work
used to describe the magnetic reversal of the artificial spin ice segments. Results show
that the Fibonacci Distortion affects the reversal nature of the system and the critical field
value at which these reversal events occur.
Finally, we conclude this dissertation with a summary of the results established in
this research and discuss other avenues of future research associated with similar systems
and possible magnetotransport experiments.
KEYWORDS: Magnetotransport, Ferromagnetic Domains, Frustrated Magnetism,
Artificial Spin Ice, Micromagnetic Simulations, Magnetic Order
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CHAPTER 1. INTRODUCTION
In recent years, the topic of magnetic frustration in systems and the effect that
frustration can have on system dynamics has been a rich environment for study. One
such system that lends itself directly to this study is the field of complex configurations
of single domain ferromagnetic bars that can exhibit magnetic frustration while at the
same time being geometrically ordered. These ferromagnetic bars, often referred to as
nanomagnets or nanowires, can be arranged in a variety of periodic and aperiodic lattices
to introduce the frustration of their respective spins. The collection of these arranged
single domain magnets is often referred to as an artificial spin ice (ASI). The use of this
test bed was first reported in 2006 by Wang et al. where frustrated correlations in a
square lattice arrangement of these single domain magnets was investigated [03]. In
2008, Qi et al. reported novel experimental results on ferromagnetic wires arranged on a
hexagonal lattice and the geometric frustration in bedded in that system [01]. Since these
initial results, the field has evolved into an expanding research area with the additions of
several new periodic and aperiodic systems for study. Much of that focus has been on
understanding and analyzing the spin correlations in the systems as well as establishing
demagnetization and thermalization protocols.
Much of the initial interest in the artificial spin ice came with the realization that
the vertices of these arrangements can be represented as clusters of magnetic charge.
These quasi-particles of magnetic charge are often thought of as an analog to the yet
undiscovered magnetic monopole. These quasi-particles, when manipulated by magnetic
fields, can form chains of aligned spins that form an analog for Dirac Strings [04]. The
interactions and dynamics of such strings and dynamics can be observed and studied in
many common magnetic imaging techniques. These single domain magnets have a large
energy barrier between the two Ising-like magnetization states at ~105 K [01] and
therefore the application of an external magnetic field is needed to achieve the interesting
quasi-particle dynamics in the film thicknesses studied in this work. The study of these
dynamics can give insights into the complicated magnetically driven reversal and how
these are dominated by the competing constraints of ferromagnetic domain wall behavior
versus the magnetic frustration of the system.
1

Previous work on these systems of Ising-like magnetic moments arranged on a
hexagonal lattice has focused on the specifics of the magnetic reversal of the permalloy
segments by domain wall creation and propagation through the system. The overall
nature of the magnetoresistance (MR) signal in an applied magnetic field is dominated by
the anisotropic magnetoresistance (AMR) [05]. It has also been reported that the
anisotropic magnetoresistance is insufficient to describe the magnetic reversal and that
the internal energies of the vertices can have a large influence [02]. This internal energy,
or charge order, of the vertices can affect the nature of the magnetic reversal of the entire
system [06]. Further work has shown that an applied field perpendicular to the 2D surface
of the artificial spin ice system can affect in plane magnetization and allow violations of
the “Ice Rule”. This rule states that to minimize vertex energies, the segments
surrounding each vertex will adopt a “2 In, 1 Out” or “2 Out, 1 In” magnetic orientation.
Violation of the “Ice Rule” allow high energy vertices that directly affect the magnetic
reversal signal [07]. The full explanation of the magnetoresistance signal of the magnetic
reversal of the system can only be explained by understanding impact of each of these
competing influences.
In this work we study the magnetic reversal of a periodic hexagonal lattice and
contrast it with that of one that has undergone a Fibonacci Sequence based distortion.
These reversal events are driven by the nucleation and translation of domain walls (DW)
through the connected artificial spin ice array. This distortion will allow the continuous
distortion of the periodic hexagonal lattice to an aperiodic lattice. This is done by
selecting two translation vectors of the hexagonal lattice and labeling the distance
between these vertices “Long” (L) and “Short” (S) based on the Fibonacci Sequence. In
this sequence each term is the combination of the previous two terms forming a
“Fibonacci Word” in terms of the (L) and (S) spacings [08,09]. The length of this
spacing can then be continuously changed and that in turn imparts a continuous distortion
in the periodic hexagonal lattice. The magnitude of the imparted distortion is expressed
as the ratio of Long and Short segments, L/S, from L/S = 1.00 to L/S = 1.62. Through
this distortion we continuously change the lengths of the segments and the coordination
of the vertices. In doing that we change the magnitude of the Ising-like moment in each
segment and the energy of their corresponding vertices that connect these segments. This
2

distortion will then directly affect the underlying forces whose complicated interaction
mediates the resulting magnetic reversal.
Chapter 2 will present a brief overview of the key concepts of these artificial spin
ice systems. Both connected and disconnected. These concepts will be needed to
understand the results of later chapters and how results from a periodic lattice differs
from those of an aperiodic lattice.
Chapter 3 will discuss the development and implementation of the Fibonacci
Distortion on the hexagonal artificial spin ice. The details of the application of the
distortion explain how it is used to continuously distort a periodic lattice into an aperiodic
lattice and how those are qualitatively different. The discussion of the distortion is
needed to understand to what extent the length of the permalloy segments and
coordination of the vertices are altered under the transformation.
Chapter 4 will discuss the experimental methods used to create and measure the
two distinct systems we present in this work. Sample fabrication including pattern
generation and electron beam lithography techniques needed to create and characterize
the samples will be discussed. Measurement systems and data collection methods will be
outlined to understand what data was taken and under what experimental environment it
was collected. Data analysis, simulations and computational work will also be discussed
in this chapter.
Chapter 5 will review past work done on the undistorted periodic hexagonal
lattice and contrast that work with results on the Fibonacci Hexagonal distorted aperiodic
hexagonal lattice. We discuss the nature of past magnetotransport, and magnetic imaging
work used to describe the magnetic reversal. Results will show that the Fibonacci
Distortion affects both the manner and fields at which these reversal events occur. The
influence of the distorted permalloy segments and their corresponding vertices is
investigated. The range of defects studied is the undistorted hexagonal lattice of L/S =
1.00, a distorted hexagonal lattice of L/S = 1.30 and finally the fully distorted hexagonal
lattice with L/S = 1.62.

3

Chapter 6 will discuss the simulated magnetoresistance (MR) data as compared to
the experimental data taken at both 10 K and 295 K. The degree to which the simulated
data captures the nature and applied field values of the reversal events is discussed as
well as how well the simulated data represents the background Planar Hall Effect (PHE).
We explore the known differences between the current paths for the experimental data
and that which was chosen for the simulated data and the other known discrepancies in
simulated data such as the temperature assumed in the simulated calculations.
Chapter 7 will conclude this thesis with a discuss other avenues of future research
associated with this system and similar systems of connected artificial spin ice arrays for
study moving forward.

4

CHAPTER 2. KEY CONCEPTS
2.1
2.1.1

Artificial Spin ice
Geometrical Frustration
Geometrical frustration refers to a system and the lack of a unique, low energy,

ground state based on the system’s physical geometry. In many systems this geometrical
frustration is a result of the lattice that defines the system. Ising spins, coupled
antiferromagnetically, can be frustrated depending on how they are arranged on a lattice.
Ising spins arranged in a square arrangement as seen in Figure 2.1 (a) can order
antiferromagnetically and reach a unique ground state. In contrast to this arrangement, if
the spins are arranged in a triangular lattice the requirement that all nearest-neighbor
spins be anti-parallel cannot be achieved. If one were to put the spins on the triangular
lattice one by one, the first two spins are easily chosen so that they are anti-parallel. The
question of how to place the third spin so creates the geometrical frustration as the third
spin cannot be antiparallel with the other two spins simultaneously (see Figure 2.1 (b)).
No long-range order can form, and the system possesses degenerate ground states [10].
Many examples of geometrically ordered systems with frustration are present in nature
and can be manufactured. In nature examples include water ice [11] and Spin Ices [12]
and manufactured examples refer to artificial spin ices [03].

2.1.2

Water Ice
Water ice is a geometrically ordered frustrated system that occurs in nature. In

the solid phase of water each oxygen atom is arranged on a diamond lattice surrounded
by four hydrogen atoms [11]. Each hydrogen atom shares two oxygen atoms and is
located on a direct lie separating the two oxygen atoms. This connection is made by a
covalent bond to the closer oxygen atom and a long hydrogen bond with the oxygen atom
further away from the hydrogen atom [11]. This creates an arrangement where the
hydrogen atom is surrounded by four oxygen atoms: two close and two farther away.
This arrangement of two close and two far away has been declared the “Ice Rule” and
5

clearly leads to 16 possible vertex states with 2 degenerate ground states that obey this
rule (see Figure 2.1(c)) [13]. The degeneracy of this system was calculated by Pauling in
1935 to be (3/2)N/2 where N is the number of water molecules in the system, leading to a
ground state entropy of (R/2) ln (3/2) = 1.68 Jmol-1K-1 per hydrogen atom where R is the
ideal gas constant [11]. Water ice has no long-range order and thus stays in a disordered
state down to 0 K.

2.1.3

Spin Ice
Spin ice systems are systems that exhibit similar geometrical frustration

analogous to water ice at low temperatures, however, the geometric frustration is
magnetic in origin and therefore the absence of long-range order results in the system
down to 0.2 K [12]. This class of spin ices include rare earth oxides of the form A2B2C7
where the A atom is the rare earth magnetic material and B is a non-magnetic transition
metal [13]. Examples of these systems that have been studied experimentally are
Ho2Ti2O7 [14,15], Dy2Ti2O7 [12] and Ho2Sn2O7 [16, 17].
In this crystalline lattice the rare earth ion position can be described as a
pyrochlore sublattice. This results in a system of corner sharing tetrahedra with the
magnetic ions sit on the corners of the tetrahedra. This crystalline anisotropy leads to an
alignment of the magnetic spins to the local <111> axis. This essentially forces Ising-like
behavior along the direction of the two interlinked tetrahedra. Each of the spins on the
corner of the tetrahedra can exist in one of two states: Pointon toward or away from the
center of the tetrahedra. Figure 2.1 (d) shows the mapping of these spins on the
tetrahedra and their arrangement. In this arrangement each vertex / tetrahedra group will
have 16 possible spin arrangements yet none of them will satisfy all 4 of the spins in an
antiparallel manner. If the spins are antiferromagnetic in nature then the system is
considered a static spin ice in nature and will be frozen into this spin state down to low
temperatures, ~1 K [14, 16].
The ground state of this system is analogous to the water ice rule: Two In, Two
Out. Each individual tetrahedra will exist with its spins on the four corners of the
6

tetrahedra obeying the Ice Rule if it is in a ground state configuration. This low energy
state configuration, the ground state configuration is 6-fold degenerate. If the single
tetrahedra ground state is projected to the bulk of the sample leading to a macroscopic
degeneracy of ground state without long-range order. The expected ground state entropy
of spin ice materials, studied by Ramirez in 1999, was experimentally measured in
Dy2Ti2O7 and found to be close to water ice down to 0.2 K [12].

1
Figure 2.1 – Structural representation of geometrical frustration and its representation in
spin ice and water ice. (a) Demonstrates the un-frustrated anti-ferromagnetic ordered
Ising spins on a square lattice. (b) Shows the frustrated spins on a triangular lattice.
Figures taken from [10]. (c) Water ice molecular schematic. Here the Oxygen atoms are
in blue and the Hydrogen atoms are orange demonstrating the “Two In” and “Two Out”
nature of the frustration. (d) Spin representation of the frustrated water Ice [18].
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2.1.4

Artificial Spin Ice
Artificial spin ice refers to artificially fabricated nano arrays of ferromagnetic

materials arranged in such manner to create geometrical frustration. The origin of this
system is to represent the 3D natural spin ice systems in a 2D analog. In past years,
advances in electron beam lithography allowed for features to be constructed of submicron orders. Using these methods, it was possible to fabricate, study and visualize the
geometric frustration created in such patterns. Artificial spin ice consists of single
domain nano-magnets. The magnetization inside these nano-magnets is dominated by the
shape anisotropy and exhibit Ising-like spins along their long axis [03,06]. This Isinglike spin state has two possible arrangements: parallel or ani-parallel to the long axis of
the nano-magnet. It is assumed, as well as observed in experiments, that this
magnetization is uniform except when examining the end of the nano-magnet at a vertex
[19].
Two different artificial square ice lattices, Square [03, 20, 21, 22] and Hexagonal
[01, 05, 22, 23], have been thoroughly studied in recent years. The introduction of
artificial spin ices allows for some advantages over the bulk spin ices systems found in
nature. Spin ices geometric frustration is only seen at low temperatures and is only
evident in a few chemical compounds with set lattice spacings and finally the spin
systems are difficult to image directly in bulk. These limitations can be removed when
dealing with artificial spin ice systems. The system can be designed to exhibit
geometrical frustration up to the Curie Temperature of the material used to construct
them [24, 25]. The nano-magnet geometry and lattice constants can be adjusted through
lithography, and the [25] and as nano-magnet dimensions can range from 10-1000nm
their magnetic state can be probed directly with Lorentz transmission electron
microscopy (LTEM) [03], scanning transmission X-Ray microscopy (STXM) [23], photo
emission electron microscopy (PEEM) [26, 27] and magnetic force microscopy (MFM)
[03].
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2.1.5

Square Spin Ice
First studied by Wang et al [03], square artificial spin ice is created by arranging 4

elongated nano-magnets around a vertex with each located 900 from each other
equidistance from the vertex. The shape anisotropy constrains the magnetic moments
parallel and antiparallel to the long axis of the nano-magnet and therefore this
arrangement can have 16 different configurations (see Figure 2.2 (a)). Of the 16 possible
configurations 6 will obey the “Ice Rule” of “Two In and Two Out”, eight will express
magnetically excited states of higher energy with “Three In and One Out” or “One In and
Three Out”. The final two configurations are unfavorable energetic states of “Four In” or
“Four Out”. The direct analog with the natural spin ice systems falls short in that for
artificial spin ice the 6 configurations that follow the “Ice Rule” are not all energetically
equivalent [24, 28]. The configurations that obey the “Ice Rule” can be divided into two
groups designated Type I and Type II. Type I vertices have no net magnetic moment,
where Type II vertices can have a net magnetic moment pointing in one of 4 different
directions with respect to the vertex. Further deviation from the natural spin ice systems
is that it has been experimentally seen that a significant fraction of the vertices will fail to
follow the “Ice Rule” [03, 24] prior to the system undergoing an annealing procedure.
The Type I and Type II vertices are the minimum energy configurations in a
demagnetized state depending on whether the vertices are connected or disconnected
[29]. In the disconnected square spin ice will have the predicted 2-fold degenerate
antiferromagnetic ground state of Type I vertices [21, 30] in such a way that the
magnetization of a closed loop of nan-magnets follows an alternating chirality. Great
efforts have been made in investigating proper demagnetization and thermalization
protocols since the artificial spin ice cannot reach thermal equilibrium below the Curie
temperature [20, 21, 30, 31]. Efforts have been made by Morgan et al to control the size
of ground state domains through managing the temperature during the fabrication process
of the square spin ice system [22, 32] Despite this effort to control the fabrication
temperature, the square spin ice shows only a statistical preference for the Type I vertices
and short-range interactions are enough to describe this behavior [21] unlike pyrochlore
spin ices in which long-range dipolar interactions have a significant influence.
9

2.1.6

Hexagonal Spin Ice
The Hexagonal lattice is a highly frustrated two-dimensional ferromagnetic spin

ice first proposed by Wills et al in 2002 [32]. Long-range dipolar interactions between
the Ising spins located on the elongated segments of the Hexagonal lattice can predict
novel low temperature ordering states [33]. The geometry and basic interactions of the
Kagomé spin ice can be captured in two-dimensional hexagonal artificial spin ice by
replacing the spins with magnetic moments lying along the elongated segments [34]. The
hexagonal artificial spin ice is therefore a new avenue to study magnetic frustration
through direct experimental observation.
Hexagonal artificial spin ice exhibits the same fundamental geometric frustration
as seen in the square artificial spin ice. Figure 2.2(c) shows an SEM image of a
hexagonal artificial spin ice lattice. The lattice is defined by three elongated bars 120o
from each other that connect at the vertex. The “Ice Rule” proposed by Wills et el [32],
is now “Two In and One Out” or “One In and Two Out” and was first observed in Saitoh
et al [19]. This vertex has 8 possible configurations with 6 ice rule states and 2 high
energy “Ice Rule” violations [01]. These configurations are seen in Figure 2.2 (b). In
contrast to the square artificial spin ice the “Ice Rule” configurations are all energy
equivalent. The dipole interactions of their magnetic moments aligned along the bars are
the dominant interaction [01]. In the hexagonal system the energy difference between the
“Ice Rule” and “Ice Rule” violations is 72% in connected arrays and 38% for
disconnected arrays with 500nm long, 110nm wide, and 23nm thick permalloy bars. The
ice rule was found to be obeyed despite the use of demagnetization protocols [01].
Ice rule violations were found to occur in hexagonal artificial ice when an inplane external field is applied [35]. The number of violations of the “Ice Rule” is
dependent on the orientation of the applied external field [36]. In connected arrays,
external magnetic fields cause the nucleation of domain walls at the vertices that then
propagate through the segment to the corresponding vertex and cause the “Ice Rule”
violation [37]. This violation can be stabilized by quench disordering from material
properties or fabrication defects such as edge roughness [38]. These “Ice Rule”
violations are only permitted in systems switching by transvers domain wall motion [39]
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and were studied experimentally by Mengotti et al [27] and theoretically by Hügli et al.
[40].

2
Figure 2.2 – Spin representations of square and hexagonal square spin ice states. (a) The
possible vertex configurations of the square artificial spin ice. (b) The possible vortex
configurations for hexagonal artificial spin ice. (c) SEM image of connected hexagonal
artificial spin ice produced or study in this work.
11

2.2

Magnetic Charges in Spin Ice
The creation and motion of “Ice Rule” violations in pyrochlore and artificial spin

ice systems has been described in previous research by representing the complex
structure and magnetic structures as a system of magnetic quasi-particles. Treating the
magnetic orientation of the bars as a spin dumbbell consisting of two opposite magnetic
charges separated by the length of the bar equivalent to the vertex separation. The quasiparticle is then the sum of all the ‘magnetic dumbbell charges’ located at the vertex [13].
The switching behavior of the segment can then be described using the attractive and
repulsive forces between these quasi-particles located at the vertices using a magnetic
version of Coulomb’s Law [18].
𝜇0 𝑄𝛼 𝑄𝛽

𝑉(𝑟𝛼𝛽 ) =

𝑟𝛼𝛽
{4𝜋
𝑣0
𝑄 𝑄
2 𝛼 𝛽

𝑖𝑓 𝛼 ≠ 𝛽
(2.1)

𝑖𝑓 𝛼 = 𝛽

Where Qa and Qb refer to the respective “magnetic charge” located on two vertices α and
β respectively, rαβ is the distance between the two vertices and µo is the permeability of
free space. vo/2 is the term for the Hubbard-like vertex charge-charge repulsion on the
same vertex.
Equation 2.1, in terms of the dumbbell representation, is derived in detail by
Castelnovo et al. from the full Hamiltonian given by
𝐻 =

𝑒̂𝑖 ∙ 𝑒̂𝑗
3(𝑒̂𝑖 ∙ 𝑟⃑𝑖𝑗 )(𝑒̂𝑗 ∙ 𝑟⃑𝑖𝑗 )
𝐽
𝜇𝑜 𝜇 2
∑ 𝑆𝑖 𝑆𝑗 +
∑[
−
] 𝑆𝑖 𝑆𝑗
3
5
3
4𝜋
|𝑟
⃑
|
|𝑟
⃑
|
𝑖𝑗
𝑖𝑗
〈𝑖,𝑗〉
(𝑖,𝑗)

for the study of pyrochlore spin ice materials where J is the exchange constant and µ is
the magnetic moment [18].
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2.2.1

Bulk Spin Ice Systems
In pyrochlore systems the dumbbell model consists of two charges +/- q separated

by the diamond lattice bond length, defined ad = (√3/2)a , where a ≈3.54 Å is the
pyrochlore nearest neighbor distance [18]. The dipole moment of this dumbbell has a
moment µ = qrαβ ≈ 10µB where µB is the Bohr magneton [18]. The resulting charge of the
‘quasi-particle’ sitting at the vertex of the pyrochlore is +/- q. An ice rule associated with
this configuration would have a charge Q = +/-q +/- q +/-q +/-q = 0. This requires that
the ‘quasi-particle’ can only be formed by an “Ice Rule” violation of Q = +/-q +/- q +/- q
+/- q = +/- 2q = +/-qm = +/- 2µ/ad [18].
If the system starts out with all vertices obeying the proposed “Ice Rule”, then one
dumbbell is flipped to create an “Ice Rule” violation at one vertex and another violation
of the opposite charge on the other vertex of the flipped segment. If another segment is
switched on one of the two involved vertices this will result in the quasi-particle of the
magnetic charge appearing on a third vertex and the second vertex will return to a charge
natural state. Then the effective energy associated with the Coulombic interaction of the
pair of magnetic charges is expressed as [18]

𝐸=

2
𝜇0 𝑞𝑚

4𝜋𝑟

(2.2)

The energy cost to create the switching event is associated with the first flipped segment
and creation of the magnetic quasi-particle. Any further switching that further separates
the two magnetic quasi-particles does not require any additional energy. This is in many
ways analogous to magnetic monopoles who are connected by ‘Dirac Strings’ of flipped
segments that connect the two magnetic monopoles [18]. Experimental evidence of the
movement of these quasi-particles was observed by Bramwell et al and they were able to
extract the elementary unit of charge equal to 5µB/Å [41].
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2.2.2

Artificial Spin Ice
The switching of segments in artificial hexagonal spin ice arrays can be

successfully described with a purely Coulombic magnetic charge model in the same
manner the spin ice dumbbell model is used [38, 42, 43]. Instead of treating the atomic
spin as a dumbbell, the entire magnetic moment of the bar is treated in such a manner
(see Figure 2.3 (c)). Each elongated bar has a magnetic moment, m given by [42]

𝑚 = 𝑀𝑎𝑡𝑤

(2.3)

where a is the length of the bar, t is the thickness of the bar and w is the width of the bar.
Here M represents the saturation magnetization of the ferromagnetic material used to
fabricate the bar. The dipole moment of the bar is then

𝜇 = 𝑞𝑚 𝑎

(2.4)

Where qm is the dumbbell charge associated with the vertex. Equating the magnetic and
dipole moments we have an expression for the charge forming the dumbbell is then [42]

𝑞𝑚 = ±𝑀𝑡𝑤
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(2.5)

3
Figure 2.3 – Schematics representing spin and dumbbell models. (a) Water ice
visualization of spine ice rule and spine ice rule violation in a spin representation, (b)
Water ice visualization of spin ice rule and spine ice rule violation in a dumbbell
representation adapted from Ref [18] with permission of the author. (c) Schematic of a
nanowire of an artificial spin ice represented as a dumbbell for calculations [13].

15

Here we see that the vertex charge is the sum of all the individual charges sitting
at the vertex of the three corresponding bars. Moving forward we will refer to qm simply
as q, and the charge of the quasi-particle described in the “Ice Rule” at the vertex is Q =
+/-Mtw = +/- q. The charge of the “Ice Rule” violation is then expressed as Q = +/- 3q
[42].
Comparing the hexagonal artificial spin ice to the bulk spin ice, where the spins
are accessible without an external applied field since the thermal energy and magnetic
interactions are of the same order. In the connected artificial spin ice, flipping the
magnetic bar and creating an “Ice Rule” violation can only happen under the application
of an external magnetic field in film thicknesses studied in the work. The applied field
facilitates the nucleation of domain walls at the vertex that then travel through the array
and terminate on a different vertex leaving behind a trail of flipped segments. The
domain wall can then be expressed as a quasi-particle QDW = +/-2q with a diameter of d,
equal to the width of the bar w [42]. Reversal of the external magnetic field acts to
nucleate and push domain walls through the array. When passing through the array the
domain wall or point charges encounter vertices of charge Qv = +/-q [42].
The overall switching of the system is postulated to be governed by the charge of
the domain wall, the strength of the applied magnetic field and the charge located on the
vertices of the array [42]. The switching is dominated by the Coulombic interaction of
the quasi-particles in spin ice system, but with a connected artificial spin ice system that
interaction is between the domain wall charge and the vertex charge [42]. Starting with a
-q as depicted in Figure 2.4 (a) then a domain wall is nucleated with a charge of +2q and
the vertex will then have a charge of +q. The domain wall and the vertex now have an
attractive force, being of opposite charge. The applied magnetic field, HApplied, will have
to supply a Zeeman force large enough to overcome this attractive force and move the
domain wall down the bar to the other vertex. The attractive force of the +q vertex
charge and the -2q domain wall charge is greatest when they are separated by a distance
that is equal to their diameter a, the diameter of the wire, and equal [42]

𝐹𝑚𝑎𝑥 =

𝜇0 |𝑄𝑣 𝑄𝐷𝑊 |
4𝜋𝑎2
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(2.6)

4
Figure 2.4 – Diagram of the nucleation and motion of domain walls inside of a hexagonal
artificial square ice. (a-d) show the nucleation of a -2q domain wall at a -q vertex and its
motion through the wire to the adjoining +q vertex changing the resulting charge of both
vertices. (e-f) show the nucleation of a second -2q domain wall that travels in the segment
600 above the horizontal. Figure 2.4 adapted with permission from Ref.
[43]. Copyrighted by the American Physical Society.
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The Zeeman force associated with the domain wall in the external magnetic field is [42]

𝐹𝑍𝑒𝑒𝑚𝑎𝑛 = 𝜇0 |𝑄𝐷𝑊 |𝐻𝐴𝑝𝑝

(2.7)

Using equation 2.6 and equation 2.7 we can then find the critical field needed to nucleate
the domain wall [42]

𝐻𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝐻𝐴𝑝𝑝 =

|𝑄𝑣 |
4𝜋𝑎2

=

𝑀𝑡𝑤
4𝜋𝑎2

(2.8)

Here t refers to the thickness of the bar and if we assume a ≈ w, which would lead to [42]

𝐻𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =

𝑀𝑡
4𝜋𝑤

(2.9)

With this expression, we see that if the external field is strong enough a domain
wall can be nucleated and then pushed away from the vertex where it was created. The
domain wall will then be pushed along the bar to the next vertex. Using the Coulombic
arguments described before, we know that if a -2q charged domain wall encounters a
vertex charge of +q, changing that vertex to -q (see Figure 2.4 (a-d)). If the -2q domain
wall approaches a vertex with charge -q the domain wall will be repelled and will stop a
distance from the vertex. It was argued in Mellado et al, that this could be an equilibrium
position of the system, but the field strength favors another flipping event [43]. Near the
vertex, the domain wall creates a field of 2Hcritical that is superimposed on the applied
external field resulting in a local field of 3HCritical. This results in the diagonal segments
of the hexagonal array will see an equivalent field of 3HCriticalcos600 = 1.5HCritical, which
is enough to nucleate another -2q domain wall and have that domain wall travel through
that segment to another vertex now with a charge of -q. Figure 2.4 (d) – (f) shows this
progression of the domain wall and this chain of events demonstrates why +/-3q vertices
are energetically unlikely [42].
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2.3

Micromagnetism of Magnetic Materials
The magnetism of magnetic material resides in the quantum mechanical properties

of electron spin and orbital interactions. It is then no surprise that the materials that
exhibit these magnetic properties are those that frequently have unpaired electrons in
their valence band. These elements are referred to as the lanthanide and transition metals
on the periodic table.
The two different types of magnetism that result from these unpaired electrons in
the valence band are paramagnetic and magnetically ordered states. Magnetically
ordered states are further divided into ferromagnetic and antiferromagnetic states. The
distinction between the paramagnetic and ordered magnetic states is how the system
reacts in the absence of an external magnetic field. Paramagnetic systems have a net zero
magnetic moment in the absence of an external magnetic field. The magnetic moments
of the paramagnetic system are randomized and therefore have no net magnetic moment
for the system. When an external field is applied the microscopic spins in the system will
align with the external magnetic field and the system will then have a net non-zero
magnetic moment (see Figure 2.5 (a)). Ferromagnetism is a system that exhibits a nonzero magnetic moment in the absence of an external magnetic field. The microscopic
spins in the ferromagnet are naturally aligned within the bulk of the system. This
magnetization is often referred to as the spontaneous magnetization or saturation
magnetization and designated, MS. The non-zero magnetic moment of ferromagnets is
temperature-dependent in nature. As the temperature of the system is raised the net
magnetic moment is decreased as the added energy begins to destroy the alignment of the
microscopic spins. At a certain temperature defined as the Curie temperature, TC, the net
magnetic moment will be zero and the system will behave as a paramagnet (see Figure
2.5(b). The other form of ordered magnetic system is antiferromagnetism. In
antiferromagnetism, the system has a zero magnetic moment in the absence of an external
field because the microscopic spins of the system form two equal and antiparallel
sublattices (see Figure 2.5(c)) [10].
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2.3.1

Micromagnetic Energy Definitions
The individual atomic magnetic moments are replaced by the location-dependent

uniform magnetization of the sample in the theoretical framework of Micromagnetism.
Quantum mechanical effects like exchange energies and magneto-crystalline anisotropy
as well as classical effects such as magneto-static energies are all incorporated in this
micromagnetic framework. The system is solved by finding the ferromagnetic
configuration of the system assuming a constant spontaneous magnetization and then
allowing the system to relax into a minimum energy ground state. In this method the
total energy of the system is given by the sum of all the relevant energy terms [10]

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑒𝑥 + 𝐸𝑚 + 𝐸𝐴 + 𝐸𝑍

(2.10)

Here Eex, Em, EA and EZ are the exchange energy, magnetic dipole energy, and the
magneto-crystalline anisotropy energy and the Zeeman energy of the system,
respectively.

5
Figure 2.5 – Schematic of the arrangement of microscopic spins in a magnetic material in
three different magnetic ordering states. (a) Paramagnetic ordering where the
randomized spins result in zero net magnetic field. (b) Ferromagnetic ordering where the
spins are aligned and there is a net magnetic moment. (c) Antiferromagnetic ordering
where the net magnetization is zero and the spins form two equal and antiparallel
sublattices [44].

20

2.3.2

Exchange Energy Term
Exchange energy refers to the energy cost related to spin-spin interactions. More

specifically it is the energy cost associated with the exchange of one spin with a spin
antiparallel in the presence of another local spin. In this case of adjacent spins, the
exchange energy is defined as [45]

𝑒𝑒𝑥 = −2𝐽𝑖,𝑗 𝑠𝑖 ∙ 𝑠𝑗

(2.11)

Here Ji,j is the exchange integral between the two spins si and si which are the spins on
the ith and jth spins of the system respectively. Looking at this expression, the minimum
energy states of these two spins is parallel or antiparallel. The sign of the exchange
integral is dependent on the type of magnetic system used. Ferromagnetically ordered
systems have spins that are aligned, and the exchange integral has a positive sign.
Antiferromagnetically ordered systems have two sublattices of antiparallel spins, making
their adjacent spins antiparallel and this gives the exchange integral a negative sign. Any
deviation from these parallel or antiparallel arrangement comes at an energy penalty.
This interaction is isotropic in nature and therefore the direction of the displacement is
irrelevant. In that case the all the moments of the system would be aligned in the same
direction and the exchange energy can be expressed as [45, 46]

𝐸𝑒𝑥 =

−𝐴
𝑀𝑠2

∫𝑉[∇𝑀]2 𝑑𝑉

(2.12).

with A being the exchange stiffness in this expression.

2.3.3

Magnetostatic Energy Term
The complete representation of the magnetization inside a magnetic material is a

combination of the applied field, H, the internal magnetization, M and can be expressed
as

⃗ = 𝜇0 (𝐻
⃗ + 𝑀
⃗⃗ )
𝐵
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(2.13)

where µ0 is the permeability of free space [10]. The divergence of B can be expressed as

⃗ ∙ 𝑀
⃗⃗ =
∇

⃗∇ ∙ 𝐵
⃗
𝜇0

⃗ ∙ 𝐻
⃗
− ∇

(2.14)

⃗ = 0 and therefore
and we know that ⃗∇ ∙ 𝐵

⃗∇ ∙ 𝑀
⃗⃗ = − ⃗∇ ∙ 𝐻
⃗

(2.15)

⃗ flux lines across the sample surfaces,
Maxwell’s equation require continuity of 𝐵
⃗⃗ is not required to be zero. This results in the existence of a
but the divergence of 𝑀
⃗ , − ⃗∇ ∙ 𝑀
⃗⃗ = ⃗∇ ∙ ⃗⃗⃗⃗⃗
demagnetization field 𝐻
𝐻𝑑 . The stray tray magnetic field is generated
by the discontinuity of the magnetism at the material surface. These flux lines associated
with the stray field and must form closed loops that have at some point in the material,
passed back through the material. These stray flux lines contribute to the internal
magnetization of the material and will be of such a nature that it tries to minimize the
magnetism in the bulk of the material. This demagnetization field will have an energy
associated with it that can be expressed as

𝐸𝑚 =

𝜇0
2

⃗⃗ ∙ 𝐻
⃗ 𝑑𝑉
∫𝑉 𝑀

(2.16)

The demagnetization energy is minimized when the stray fields are absent. This is done
by forming energetically favorable domain walls inside the magnetic material when
possible [10].

2.3.4

Magneto-Crystalline Anisotropy Energy Term
So far, the energy terms discussed have not had any dependence in the direction

of the magnetization of the material. In that situation, in a demagnetized state the
magnetization could point in any direction with respect to the material. The difference of
the magnetization of a magnetic material based on the direction of the applied field is
known as anisotropy. This is usually discussed with dealing with single crystals of
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magnetic materials and referred to as “crystalline anisotropy”. In a system that possesses
magnetic anisotropy, experimental magnetization curves show that one direction of the
crystal axis is harder to magnetize than another axis, and these axes are labeled the “hard”
and “easy” axes [45]. Energies are associated with magnetizing the sample in these
different directions with the hard axis being the direction of maximum anisotropy energy.
Permalloy, Ni0.80Fe0.20, had no magneto-crystalline anisotropy and is then the chosen
material to use in fabricating artificial spine ice systems [47].

2.3.5

Zeeman Energy Term
The energy needed to align the internal magnetic spins of a magnetic material

with an applied external field is the Zeeman energy. This energy is related by the
equation of [10]

⃗
𝐸𝑍 = −𝜇0 ∫𝑉 𝐻

2.3.6

𝑎𝑝𝑝𝑙𝑖𝑒𝑑

⃗⃗ 𝑑𝑉
∙ 𝑀

(2.17)

Ferromagnetic Domains
Magnetic domains are large regions of uniform magnetization that exist inside a

magnetic material. In domain theory, each of these regions of uniform magnetization is
separated from each other by a domain wall. Within the width of these domain walls the
magnetization will rotate from being aligned to one domain to be aligned to the uniform
magnetization of the adjacent domain [45]. The existence of magnetic domains was first
proposed by Weiss in 1907 [45] and later experimentally confirmed by Barkhausen in
1919. The confirmation was done by observing the discontinuity in the magnetization of
a ferromagnet during magnetic reversal under an external magnetic field [45]. As
mentioned before when discussing the magnetostatic energy term, the creation and
orientation of domains walls is governed by energy considerations that are constantly
trying to minimize the energy of the system. These energy considerations are a trade-off
of the energy associated with any stray fields present and the exchange energy needed to
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create the domain wall in the magnetic material. When a system with an internal domain
wall is subject to an external field, the magnetization inside the domains is rotated to
align with the external field or the domain walls are pushed out of the magnetic material
[10].

2.3.7

Domain Walls
Domain walls are artifacts of finite thickness that separate larger regions of

uniform magnetization in magnetic materials. Within that finite thickness, the
magnetization is rotated from an alignment with one domain to aligning with the
magnetization of the adjacent domain. There are two distinct types of domain walls that
are determined by the physical dimension of the ferromagnet being considered. A Block
domain wall is created in bulk materials and is controlled by the magneto-crystalline
anisotropy and exchange energies rotating the magnetization out of plane by 1800. A
Néel domain wall is present in thin films when the magnetization is rotated in the plane
of the domain wall and is governed by the interactions of the exchange, magnetostatic
and magneto-crystalline anisotropy energies of the ferromagnet (see Figure 2.6 (b)) [45].
Néel domain walls are only present in ferromagnetic thin films that have a thickness
smaller than the width and in permalloy the Bock-Néel domain wall threshold is
approximately 60nm [45].
In permalloy, magnetic domains are of the order of 10µm and are separated by
domain walls on the order of 2µm [45]. Reducing the number of domains in a sample is
done by reducing the overall size of the sample until only a single domain can be
maintained since no domain walls are sustainable by the energy restrictions [46].
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6
Figure 2.6 – Ferromagnetic domain wall schematics. (a-c) Evolution of a ferromagnetic
material from a single domain state to a multi domain state and finally to a closed flux
loop state [45]. (d) Illustration showing the rotation of magnetization in both the Block
(Top) domain wall and the Néel domain wall (Bottom) [45]. (e-f) Micromagnetic
simulation of transvers and vortex domain walls adapted from Ref [48] with permission
of the author.

2.3.8

Ferromagnetic Nanowire Structures
The magnetic configuration of a sample is directly depending on the shape and

size of the magnetic structure being studied. As discussed in the last section, if the
dimensions of the structures being studied are small enough the structures will have only
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one single magnetic domain. In this case the single domain state is due to the exchange
energy being the dominant influence [45]. It is for this reason that when creating a
structure with large anisotropy, effectively a ferromagnetic nanowire, the energy cost of
any stray field present at the ends of the wire is smaller than the energy cost to nucleate a
domain wall in the nanowire. Like previous discussions of square artificial square ice, if
the shape anisotropy is large enough, the Ising-like magnetic moments will lie parallel or
antiparallel to the long axis of the nano-magnet. With ferromagnetic nano wires the
physical dimensions are such that the wires are also single domain with the magnetic
moment parallel and antiparallel to the length of the wire [45]. In this configuration the
magnetization of the domain will point toward or way from any domain that is nucleated
in the nano wire. With the physical parameters of the nano wire there at two types of
domains that can be present: Transverse and Vortex domain walls (see Figure 2.6 (c)).
The type of domain wall formed is determined by the physical dimensions of the wire,
such as length and thickness. A dimensionless ratio, r = wt/l2, can be used to predict
what type of domain wall will be favored in the wire. A value of r less that ~100
represents the preference for a transvers Néel wall [45]. Using this guideline, nano wires
with thicknesses of at least 18nm will favor the formation of transvers domain wall up to
approximately 200nm in width [45]. A phase diagram was proposed by McMichael et al.
in 1997 that showed the transition from a transverse domain wall to a vortex domain wall
[49]. Using the phase boundary parameters used in their work, the critical condition of
tw = Cδ2, where C = 128, a permalloy wire of thickness 18nm will support a transverse
domain wall up to widths of 260nm. The magnetization of the transvers domain wall is
perpendicular to the magnetization along the long axis of the wire. The chirality of the
domain wall is determined by the right or left-handed rotation of the magnetization
within the finite width of the domain wall. The chirality can then be assigned to be
“down” or “up”, respectively (See Figure 2.6 (c)). In the vortex domain wall, the
magnetic configuration curls clockwise or anti-clockwise around an out of plane center
(see Figure 2.6 (c)). In both the transvers and vortex domain wall, the energy is mostly a
result of the magnetostatic energies of the system, but the vortex domain wall has a
significant exchange energy contribution to its total energy. The breakdown of the
energy contributions in a transverse domain wall are 93% magnetostatic and 7%
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exchange energies compared to 78% and 22% respectively for the vortex domain wall
[49].

2.3.9

Magnetic Reversal of Ferromagnetic Films
Ferromagnetic films undergoing magnetic reversal under the influence of an

external magnetic field experience domain wall nucleation, domain wall motion and
coherent rotation of the domain wall. [10,45]. A hysteresis loop is the characteristic
reversal of the magnetization of a magnetic material under the influence of an external
magnetic field. The initial state of a ferromagnetic material, having never been exposed
to an external magnetic field, is zero. The internal spins have yet to be aligned under the
influence of an external field, leaving the internal atomic spins randomized. The
application of an external magnetic field of sufficient magnitude will align all the internal
spins of the system eliminating any domain walls in the sample and creating a single
domain state. Due to domain motion in the sample caused by pinning spins to physical
defects in the sample this is process is irreversible (see Figure 2.7 (a)). In steps 2 to 3
you see the coherent rotation of the spins to align with the external magnetic field in a
reversable process [10,45]
Domain walls are needed to facilitate the reversal of the magnetization of the
sample through nucleation and motion through the sample. This is seen prominently in
steps 4-5 of Figure 2.7 (a). At this point in the hysteresis, there is no net magnetization
and the sample now exist in a multidomain state. This minimum field magnitude needed
to reach this net zero magnetization state is defined as the coercive field, HC [10,45].
The domain walls that facilitate this reversal in a nano wire are nucleated at a
pinning site, usually at a vertex, and then travel through the length of the wire. This
sequence of events starts with a single domain nano wire restricted to such by its large
shape anisotropy. The domain wall is nucleated at the vertex and propagated through the
nano wire by the external field and the resulting magnetization after it has passed through
the length of the wire is antiparallel to the original magnetization direction.
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2.3.10 Domain Wall Dynamics
Because of the magnetic nature of the domain wall, they are entities that can be
affected through the application of magnetic and electric fields. In many cases, domain
walls are treated as a quasi-particle of magnetic charge. In this framework the motion of
domain walls can be described in terms their velocity and carrier mobility in the system
of ferromagnetic nano wires [50]. Domain wall motion can be sorted into three regimes.
The one-dimensional model, developed in 1974, describes the domain wall in such a way
that the magnetization only varies in the direction of propagation perpendicular to the
domain wall [51]. In the weak field limit, the velocity of the domain wall is proportional
to the magnitude of the applied external field, H (see Figure 2.7) [50]

𝑣 (𝐻 ) =

𝛾∆
𝛼

H

(2.18)

where γ is the gyromagnetic ratio, α is the Gilbert dampening factor and the domain wall
with is Δ. In the second regime, as the field increases it reaches the Walker breakdown
field, Hw, and the average velocity of the domain wall drops abruptly (see Figure 2.7). In
the third regime, as the external field magnitude is increased further the proportional
relationship between applied field and domain wall velocity returns, but the mobility of
the domain wall is drastically reduced in this regime (see Figure 2.7). At high fields the
velocity of the domain wall is expressed by

𝑣 (𝐻 ) =

𝛾∆
(𝛼+ 𝛼 −1 )

𝐻

(2.19)

In a 5nm thick 200nm wide permalloy wire have been measured at 31m/s*Oe by
Atkinsons et al 2003 [52]. Domain wall pinning is ignored in the one-dimensional model
and above the Walker breakdown field the propagation is made up of more complex
processional modes. Resistivity studies by Hayashi et al showed the drop in domain wall
velocity was due to the change in the nature of the domain wall at high fields. The
domain wall would change from a transverse domain wall to an oscillating up and down
chirality vortex domain wall [53].
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Figure 2.7 – Diagrams of domain wall motion and magnetic reversal. (a) Sequential
diagram of the hysteresis of magnetic reversal. (1-2) Shows transition from the unmagnetized virgin state and the application of an external field. (2-3) Rotation of the
magnetic domains to align with the external field. (4) Sample is saturated and has a
single domain state. (5-6) New magnetic domains are formed under the reduction and
reversal of the magnetic field (Figure taken from [45]). (b) Micromagnetic simulations
performed by Hayashi et al. correlating the oscillation of the chirality of the vortex
domain wall with drops in average domain wall velocity (Figure taken from [53]). (c)
Diagram of the three domain wall states and the plot of the average domain wall velocity
with respect to field strength below, above, and much greater than Hw [13].
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2.4

Magnetotransport
Magnetotransport refers to the physical effects on electrical current carrying matter

under the influence of a magnetic field [52]. In this thesis we will focus only on the
effects on magnetotransport due to magnetoresistance effect.

2.4.1

Magnetoresistance
The magnetoresistance referrers to the change in the resistance, or conduction, of

a metal under the influence of an external magnetic field. Starting with a non-magnetic
material, the magnetoresistance is expressed by [46]
∆𝜌
𝜌

=

𝜌(𝐵)− 𝜌(0)
𝜌(0)

(2.20)

Under an external magnetic field, the Lorentz force causes the charge carriers to
experience a cyclonic force inside the conductor. In a metal the resistance is inversely
proportional to the mean free path, λ, of the election and any change in that path will
result in a change in ρ. This reduction in path, that results in a similar reduction in the
mean free path and therefore an increase in the resistivity of the material. This change in
resistance is independent of the field polarity and will be a function of Bn where n is an
even number. Using the relation to the resistivity to the change in the free path of the
charge carriers, ρ = mv/(ne2λ), we find that the magnetoresistance is indeed proportional
to the square of the magnetic field [46]
Δ𝜌
𝜌

𝐵 2

∝ ( )
𝜌

(2.21)

This relationship is known as Kohler’s rule and demonstrates the effect is proportional to
B2 at low fields.
The total magnetic field inside non-magnetic materials is B = µ0H, where H is the
applied external field. Inside a magnetic material the total magnetization must include
the magnetization of the material itself, M, and the equation is then B = µ0 (H + M) and
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this complicates the calculation of the magneto resistance. In magnetic materials the
resistance differences are dependent not only on the applied external magnetic field, but
the internal microscopic magnetization of the material. This new coupling, between J
and M, is quantum mechanical in nature and non-trivial. This contribution to the
magnetoresistance, dependent on the orientation of the internal magnetization, is the
anisotropic magnetoresistance (AMR). In this case Kohler’s rule is rewritten [46]
Δ𝜌
𝜌(0)

∝ 𝑎(

𝐻

𝜌(0)

2

𝑀

2

) + 𝑏 (𝜌(0))

(2.22)

where in this equation the first term is the ordinary magneto resistance of a non-magnetic
material in an applied field and the second term represents the contribution of the
anisotropic magnetoresistance with a and b are constants.
Anisotropic magneto resistance finds its origins in the spin dependent scattering
of the current carriers in the magnetic material. For materials like permalloy, the 3d
electrons are either s-like or d-like in nature and both coexist at the Fermi level. The slike electrons will resemble free electrons while the d-like electrons will higher effective
mass resulting in a lower mobility than the s-like electrons. For this reason, most of the
current will be carried by the s-like electrons. The d-band electrons will be spin-split
creating an inequality in the density at the Fermi level. If spin flip scattering events are
ignored, ↑ s-electrons scatter into ↑ d-electrons and ↓ s-electrons scatter into ↓ delectrons. The density of states imbalance at the Fermi level will result in a similar
inequality in the scattering cross sections of the up and down spin-oriented electrons.
The dependence of the resistance on the magnetization of the sample includes a finite
probability of spin flip events resulting in s-electrons scattering into d-electron states.
This finite spin flip probability is angle dependent on the orientation total magnetization
and the direction of the current density. The result is that the probability of a spin flip
event is greater when J is parallel to M and is expressed as an increase in the resistivity
of the sample [46]. This relation is shown in Figure 2.13.
To measure the magnetoresistance without the influence of the Hall effect an inplane magnetic field is applied. Start by considering a sample magnetized in the xy-plane
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with M at some angle, θ, with respect to the current flow, jx that is the result of an inplane magnetic field, Hy. In this geometry the electric field along M will have a parallel,
E‖, and perpendicular, 𝐸⊥ , to the magnetization. This results in the two components [13,
45]

𝐸∥ = 𝜌∥ 𝑗𝑥 cos 𝜃

(2.23)

and for the perpendicular component

𝐸⊥ = 𝜌⊥ 𝑗𝑥 sin 𝜃

(2.24)

In these equations, ρ∥ and ρ⊥ are the respective perpendicular and parallel components of
the resistivity with respect to M. The electrical field components in x and y are then Ex
and Ey respectively [45]

𝐸𝑥 = 𝐸∥ cos 𝜃 + 𝐸⊥ sin 𝜃

(2.25)

𝐸𝑦 = 𝐸∥ sin 𝜃 − 𝐸⊥ cos 𝜃

(2.26)

and

Now, inserting equation 2.23 and 2.24 into equations 2.25 and 2.26, this leads to [45]

𝐸𝑥 = 𝜌∥ 𝑗𝑥 (cos 𝜃 )2 + 𝜌⊥ 𝑗𝑥 (sin 𝜃 )2

(2.27)

And

𝐸𝑦 = 𝜌∥ 𝑗𝑥 cos 𝜃 sin 𝜃 − 𝜌⊥ 𝑗𝑥 sin 𝜃 cos 𝜃

(2.28)

which is then simplified down to [45]

𝐸𝑥 = 𝑗𝑥 (𝜌∥ + (𝜌⊥ − 𝜌∥ )(cos 𝜃 )2 )

(2.29)

And

𝐸𝑦 = 𝑗𝑥 (𝜌∥ − 𝜌⊥ ) cos 𝜃 sin 𝜃

(2.30)

Then, using these equations we can express the anisotropic magneto resistance by
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𝜌𝑥 =

𝐸𝑥
⁄𝑗 = 𝜌∥ + (𝜌⊥ − 𝜌∥ )(cos 𝜃 )2
𝑥

(2.31)

Here, the Cos(θ) dependence shows that anisotropic magnetoresistance gives a minimum
resistance when current and the magnetization in the sample are perpendicular to each
other and in turn maximum when they are parallel to each other. The y component of the
resistivity is given by

𝜌𝑦 =

𝐸𝑦
⁄𝑗 =
𝑦

1
2

(𝜌∥ − 𝜌⊥ ) sin 2𝜃

(2.32)

and the planer Hall voltage associated with this geometry is
𝑤

1

𝑉𝑝𝐻 = ∫0 𝐸𝑦 𝑑𝑦 = 𝑤𝑗𝑥 (𝜌∥ − 𝜌⊥ ) sin 2𝜃
2

(2.33)

where in this equation w is the width of the conductor. Examining the equation, we see
that the Planar Hall voltage is zero when the angle between the magnetization and current
is 0 or any multiples of π/4 [13, 45].
Evaluating these relations for permalloy, Ni0.8Fe0.2, finds that Δρ/ρ is ~4% [45].
The peak anisotropic magnetoresistance in permalloy is found at 90% Ni. Despite this,
permalloy has an anisotropic magnetoresistance and crystalline anisotropy that is very
close to zero, making it a good choice for magnetoresistance measurements [45]. In
permalloy films of thickness around 20nm were found to have a resistivity of ρ ~ 0.2 –
0.4 µΩ-m [54]. As expected, resistivity decreases as film thickness increases, but this
relationship is not strong until the thickness of the film is of the order of the mean free
path of the conducting elections [54]. This affect is due to increased diffuse scattering
[54] and the bulk resistivity for permalloy, Ni0.8Fe0.2, is found to be ρ ~ 0.16 µΩ-m [13,
45].
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2.4.2

Planar Hall Effect in Magnetoresistance
The ordinary Hall effect is a well-known effect in conducting samples that

manifest as the electric field produced in the plane perpendicular to an applied magnetic
field and an applied current in the conductor. The Planar Hall effect (PHE) is instead
referring to an electric field produced perpendicular to the applied current but in the same
plane as the applied magnetic field. The theoretical framework for this work was
originally done in the 1950’s and 1960’s and the initial data was taken in the late 1960’s
for this phenomenon with additional data taken by Marsocci and Chen in 1969 [55].
The sample geometry for Planar Hall effect is taken to be a thin film in the x-y
plane with an applied current density, Jx, in the x-direction and the resulting Planar Hall
electric field, Ey, in the plane of the sample measured in the y-direction. The expression
for this affect has been derived from phenological considerations to be [56]

𝜖𝑦 =

𝐸𝑦
𝐽𝑥

= 𝛽𝐵2 sin 𝜃 cos 𝜃

(2.33)

where ϵy is the planar Hall field per unit of applied current density, B is the magnitude of
the applied magnetic field induction, θ is the angle between the current density, Jx, and
the magnetic induction in the conductor, B, and β is a proportionality constant. In a
ferromagnetic material the effect is dominated by the internal magnetization of the
sample and not the applied external field unless the applied field has a magnitude large
enough to affect or realign the magnetism in the sample. Assuming a single domain
magnetic thin film, the Planar Hall effect is described by [56]

𝜖𝑦 = 𝑃𝑠 𝑀2 sin 𝜃 cos 𝜃 =

1
2

𝑃𝑠 𝑀2 sin 2𝜃

(2.34)

where M is the magnitude of the magnetization in the plane of the thin film, θ is the angle
between the magnetization, M, and the current density, Jx, and Ps is a constant of
proportionality. If the film is magnetized to saturation, the M and B are the same and the
resulting expression is given by [56]

𝜖𝑦 =

1
2

Δ𝜌 sin 2𝜃
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(2.35)

with

Δ𝜌 ≡ 𝜌∥ − 𝜌⊥

(2.36)

where the values of 𝜌∥ is the resistivity of the thin film measured parallel to the direction
of the applied current density, Jx, and 𝜌⊥ is the resistivity of the film when measured
perpendicular to the current density [56].
The overall result of this affect is to introduce a parabolic background to the
magnetoresistance (MR) signal of the sample being measured as the applied magnetic
field is rotated in the plane of the ferromagnetic thin film. At sufficiently high external
field magnitudes, the external applied magnetic field will cause the rotation of the
magnetization inside the film at saturation. For measurement of the transverse MR, RXY,
the measurement will exhibit a parabolic background that increases with increased θ, and
peaking at θ = 45o. The transverse MR signal will exhibit no PHE at angels parallel, θ =
0o, and perpendicular, θ = 900, to the applied current density. At these angles the MR
signal will have no PHE component and a relatively flat background signal. See Figure
2.8 to see the relationship between the PHE and applied field angle.
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Figure 2.8 - Planar Hall effect seen in a thin film of Nickel. The applied magnetic field is
rotated from 0o – 90o with respect to the current density. Peak planer hall effect is
maximum at θ = 45o and disappears at 0o and 90o. The plot shows the difference in the
magnitude of the PHE affect with a single crystal sample (a) and a polycrystal sample (b)
under the same conditions [56].

2.4.3

Magnetoresistance in Permalloy Nanowires
Ferromagnetic nano wires fabricated to have a large shape anisotropy will exhibit

anisotropic magnetoresistance and will see a change in resistance as a domain wall
travels down the long axis of the wire [50]. The large shape anisotropy of the nanowire
forces the magnetization to lie parallel or antiparallel to the long axis of the wire due to
energy constraints. If a domain wall is present, the magnetization now deviates from the
parallel and antiparallel arrangement because within the finite size of the domain wall
there is a rotation of the magnetic moment. The nucleation of a domain wall creates a
non-trivial angle between the magnetization and the current and results in a decrease in
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anisotropic magnetoresistance [50]. In the absence of a domain wall, current and
magnetoresistance are parallel, and the resistance is given by [50]

𝑅𝑆𝑎𝑡. =

𝜌∥ 𝐿

(2.37)

𝑤𝑡

with L being the length, w is the width, and t is the thickness of the nanowire. To
estimate the change in resistance from the saturated state, RSat, and the nanowire with
domain wall, RDW, with a thickness of Δ is calculated if we assume uniform domain
magnetization at 90o [50]
𝜌 ∆

𝑅𝐷𝑊 − 𝑅𝑆𝑎𝑡. = ( ⊥ +
𝑤𝑡

𝜌∥ (𝐿−∆)
𝑤𝑡

)−

𝜌∥
𝑤𝑡

=

(𝜌⊥ − 𝜌∥ )∆
𝑤𝑟

(2.38)

The position of the domain wall in the length of the nanowire makes no
difference, just whether a domain wall has nucleated. The width of the domain wall will
be of the order of the width of the nanowire. It has been reported that the
magnetoresistance of a 4µm, 10nm thick and 300nm wide permalloy nanowire changed
by approximately 0.2Ω after the nucleation of a domain wall inside the nanowire [54, 57],
with the RSat. measured at ~473.7Ω [50].

2.4.4

Temperature-dependent Resistivity
The zero-field resistivity of metals sees a temperature dependence described by

Matthiessen’s Rull. This rule states the zero-field resistivity can be broken down into a
temperature-dependent term, ρph, that represents electron scattering from lattice
vibrations (phonons) and a temperature independent term, ρi [45].

𝜌 = 𝜌𝑖 + 𝜌𝑝ℎ

(2.39)

Where ρi is the finite resistivity of the metal at 0 K and the residual resistivity, resulting
from scattering off impurities, strain and dislocations in the metal [58]. The resulting
resistivity due to scattering is split into two regimes based on the Debye temperature, θD.
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Above the Debye temperature, where 𝜌𝑝ℎ ∝ 𝑇, and below θD where 𝜌𝑝ℎ ∝ 𝑇 5 . Below
the Debeye temperature the temperature-dependent component is described by
𝑇

5

𝜌𝑝ℎ = 𝛼𝑝ℎ ( )
𝜃
𝐷

𝜃𝐷⁄
𝑥5
𝑇
∫0
(𝑒 𝑥 −1)(1−𝑒 −𝑥 )

𝑑𝑥

(2.40)

Where αph is constant with its value proportional to the square of the election-lattice
interaction constant. It was further shown by White et al in 1959 that the ferromagnetic
transition metals of Nickel, Cobalt and Iron have resistivities that vary with a T3
dependence given by the functional form [59]
𝑇

3

𝜌𝑝ℎ = 𝑑 ( )
𝜃
𝐷

𝜃𝐷⁄
𝑥3
∫0 𝑇 (𝑒 𝑥−1)(1−𝑒 −𝑥)

𝑑𝑥

(2.41)

where d is a constant different from αph in this equation. White suggests that the change
in the power of the temperature-dependence is due to an increased election scattering
caused by increased transitions from the s-band to the d-band in the metals [59].
Scattering from disordered spins in a ferromagnetic material results in the
additional term in equation 2.55. As the temperature approaches the Curie temperature,
TC, spin disorder increases in a ferromagnetic material and the current carriers encounter
an increased local exchange potential. Above TC, the spin disorder reaches a maximum
as the system enters the paramagnetic phase. Below TC, spin disorder resistivity is given
by [45]
𝑀(𝑇) 2

𝜌𝑓𝑒𝑟𝑟𝑜 = 𝜌𝑝𝑎𝑟𝑎 (1 − (
) )
𝑀(0)

(2.42)

with M(0) is the saturation magnetization at 0 K, and ρpara is the maximum spin disorder
contribution to the resistivity as the system enters the paramagnetic regime. The quantity
ρpara is defined by

𝜌𝑝𝑎𝑟𝑎 ≅

2
𝑘𝐹 𝑚𝑒2 𝐽𝑠𝑑

𝑒 2 ℏ2

𝑆(𝑆 + 1)
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(2.43)

with Jsd as the exchange between conduction elections, e is the elementary charge of the
election, me is the mass of the election, kF is the Fermi wave vector and S is the spin
quantum number of the election. To a first approximation, the resistance of the transition
metal is scaled as [10]

𝜌 = 𝜌𝑖 + 𝜌𝑝ℎ + 𝜌𝑓𝑒𝑟𝑟𝑜

(2.44)

⃗⃗⃑ ,
The dependence of ρferro is dependent on the variation of the magnetization, 𝑀
with temperature. Molecular field theory suggests that there exists a ‘Molecular Field’
within the magnetic domain that aligns the magnetic moments of the individual atoms
within the domain boundary. This gives a temperature dependence of the magnetization
as [10]
𝑀
𝑀(0)

= 𝐵𝐽 (𝑥)

(2.45)

BJ is the Brillouin function and x is defined as [10]

𝑥 =

𝜇𝐵 𝑔𝐽(𝜆𝑀+𝐵)

(2.46)

𝑘𝐵 𝑇

with g being the Lande’ g-factor, J = L+S with L being the orbital angular momentum
quantum number, kB is the Boltzmann constant and λ is the Weiss coefficient defined as
𝜆 = 3𝑘𝐵 𝑇𝐶 ⁄(𝑔𝜊𝜇𝐵 𝐽(𝐽 + 1)) in the equation. The resulting effect is an additional
internal contribution to any applied external field from the ‘Molecular Field’ such that Mi
= λM + B 16].
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CHAPTER 3. FIBONACCI DISTORTION
3.1

Experimental Motivation
The experimental motivation to use a Fibonacci sequence to distort our periodic

hexagonal artificial spin ice to an aperiodic lattice originated from our groups previous
work on the Penrose P2 Quasicrystal system. Previous magnetic reversal studies of the
Penrose P2T quasicrystal were published by Bhat et al. in 2013. Results showed abrupt
transitions between magnetically ordered states and shows magnetic reversal and domain
wall motion can be controlled through tiling design [60]. In that work the generation of
the Penrose P2T quasicrystal was, in-part, based on the application of the Fibonacci
sequence and a variation of the Fibonacci sequence called the Fibonacci Word. The
Fibonacci sequence is visually evident in the sample symmetry of the Penrose P2T tiling.
The horizontal sample segments create an incomplete horizontal lattice in the Penrose
P2T and the spacing between these horizontal segments is governed by the Fibonacci
Sequence (see Figure 3.1) [60]. The Fibonacci sequence is a central component of the
algorithm used to create a quasicrystal in two dimensions. Here we describe how we
used this fact to continuously distort a periodic hexagonal artificial spin ice to an
aperiodic artificial spin ice.
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Figure 3.1 – SEM Image of Penrose P2 Quasicrystal studied by Bhat et al. in 2013 (left)
and a schematic representing the spacing of the incomplete horizontal lattice and how the
spacing is governed by the Fibonacci sequence, here represented in Long (L) and Short
(S) spacings [60].

3.2

Quasicrystals
Traditionally, the atomic structures of pure materials in the solid phase have been

described by either being crystalline or glassy in nature. Crystalline structures have a
highly ordered symmetric systems that long-range translational order by the structure of
periodic spacing of their unit cells. They possess long-range nearest neighbor
orientational order with specific crystallographic discrete point groups. These point
groups are organized into the 5 2D and 14 3D Bravais lattices [47]. The crystalline
structures also possess a rotational symmetry associated with the crystalline Bravais
lattice of its structure. Glassy structures in contrast possess none of the long-range order
and symmetries that are present in the crystalline structures. The constituent particles of
a glassy system may be densely packed together, but are randomly organized in that
dense structure [61]
The interest in aperiodic ordered system had been present since the 1960s. These
discussions were theoretical in nature, asking about the decidability of the question if a
finite set of prototiles can define a tiling of a plane [62]. This type of aperiodic material
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was then discovered in rapidly cooled intermetallic alloys of Al and Mn by Schechtman
et al. in 1984 [63], and several other examples were quickly found in nature [64].
Looking to explain this new phase of matter, Levine et al. in 1984 [65] introduced a
distinction from the crystalline and glassy states of pure materials. These new structures,
called quasiperiodic crystals or quasicrystals, have long-range translational and
orientational order but lack the rotational symmetries of the crystalline systems [61].
This new quasiperiodic order is well defined but much more subtle than the periodic
orientation of crystalline solids and less randomly oriented than the glassy structures [61].
Crystalline structures are defined by and grouped by the symmetries which they
obey. For crystals built on repeating a periodic arrangement of their unit cell, they are
therefore based on a 2D or 3D lattice and their possible symmetries are limited by their
crystallographic restriction. In such periodic crystal structures, the only allowed
rotational symmetry axes are of order 1, 2, 3, 4 and 6. Those not listed such as a 5 or 8
fold rotational symmetry are crystallographically forbidden and not found in conventional
crystal systems studied previously [62]. It was then a great surprise when electron
diffraction patterns of rapidly cooled Al-Mn alloys in 1982 by Shechtman et al [63]
showed a forbidden 5-fold rotational symmetry and at almost the same time a 12 fold
rotational symmetry was seen in an Ni-Cr alloy [64]. The two compounds found
experimentally exhibited icosahedral symmetry, which is a symmetry of the icosahedron
and dodecahedron. These are two “Platonic Solids” are shown in Figure 3.1.
The two examples mentioned previously are two different types of quasicrystals.
The Al-Mg alloys discovered by Shechtman et al in 1982 displays icosahedral symmetry
and therefor are known as an icosahedral quasicrystal. This is different from the Ni-Cr
crystals discovered by Ishimura et al in 1985. The Ni-Cr alloy crystals exhibited a single
12-fold symmetry direction and is referred to as a dodecahedral quasicrystal.
Dodecahedral quasicrystals can be described as a buildup of layers arranged in a nonperiodic 12-fold symmetric manner [62]. Subsequent work has discovered similar
layered crystals in 10-fold (decagonal quasicrystals) [66] and 8-fold (octagonal
quasicrystals) [67].

Over the last two decades many other alloys have been found to
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possess aperiodic crystalline structure, presenting either icosahedral or decagonal
symmetries, but to date no other symmetries have been found [61].

10
Figure 3.2 – Diagrams of Icosahedron (a) and Dodecahedron (b). Symmetry axes of each
Platonic solid is shown for order 2, 3 and 5 [62].

3.2.1

1D Quasicrystal
An exhaustive discussion of the various mathematical algorithms used to create

quasicrystals and describe their translational symmetries is outside the scope of this thesis
work. Instead we will discuss one specific type of quasicrystal, the Penrose tiling, and
how we derived our Fibonacci Distortion from the algorithm used to create it. The
original Penrose tiling was first discovered by Penrose [68] in 1974 and exhibits the three
fundamental features of the basic definition of a quasicrystal: (a) Orientational Order, (b)
Minimal separation between atomic sites, and (c) Quasiperiodic translational order [61].
The Penrose tiling is generated using the self-similar transformation known as the
deflation rule. In this deflation rule the Penrose is generated using a “fat” and “skinny”
rhombic unit cells. These tillings are combined using a “deflation rule” to define how
they can be combined (see Figure 3.3).
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Figure 3.3 – Representation of Penrose tiling consisting of the “fat” and “skinning”
rhombic unit cells (top) and the deflation rules (bottom) that determine how unit cells can
be combined. Figure taken from [61].

In 1987, Ammann pointed out that the Penrose tiling could be “decorated” and
that the resulting line segments then join to form a set of continuous lines that running
parallel to each of the symmetry axes of the pentagon (see figure 3.4) [61]. This new “Ngrid” satisfies the needed criteria that the intersections form a quasilattice, called the
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Ammann Quasilattice to delineate it from other lattices [61]. The location of each Nth
line, xN, is defined by [61]

𝑥𝑁 = 𝑁 + 𝛼 +

1
𝜏

𝑁

[ + 𝛽]
𝜏

(3.1)

where xN is the position of the Nth lattice site, τ is the golden ratio defined by 𝜏 =
(1 + √5)/2, α and β are arbitrary rational numbers and the [ ] is the greatest integer
function [61]. Equation (3.1) describes the quasiperiodic spacing of the lines. The
spacing between any two lines consecutive lines is (xN – xN-1) is L or s where L/S = 1 +
1/τ and the sequence of L’s and S’s is a Fibonacci Sequence [61]. This Fibonacci
sequence of L’s and S’s will be used as the basis of our Fibonacci Distortion of the
hexagonal artificial spin ice in two dimensions.
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Figure 3.4 – Penrose tillings “decorated” by Ammann to demonstrate the quasiperiodic
nature of the quasilattice. The decorated basis cells (bottom) show connected lines of the
quasilattice symmetries in the full tiling (above). Figure taken from [61].

In one dimension the quasicrystal is a string of lattice sites separated by their
quasiperiodic spacing. The 1D quasicrystal generated by Equation 3.1 is self-similar with
τ being the golden ratio. All neighboring lattice sites are separated by either and L or an
S distance where L/S = τ. In the normalization used in Equation 3.1, S = 1 is the
normalization that is used. The sequence of L’s and S’s is a “substitution”, where L →
LS and S → L is defined by [61]

𝐿
1
[ ] → [
𝑆
1

1 𝐿
][ ]
0 𝑆
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(3.2)

This gives the following sequence of spaced lattice cites in 1D:

Here we see the representation of a 1D quasicrystal generated according to Equation 3.1.
The original sequence of (top) Long (L) and Short (S) sites is shown above the lattice
sites and represents only the solid sites. The deflated quasicrystal, obtained by Equation
3.2, includes all sites, solid and open [61].

3.2.2

1D Fibonacci Distortion
To demonstrate the application of the Fibonacci sequence of L’s and S’s as a

distortion we apply it to a 1D lattice and observe how the periodic lattice is distorted into
an aperiodic lattice. Starting with a variation of the Fibonacci Sequence called the
“Fibonacci Word”. The Fibonacci Word is a specific sequence of binary digits, or
symbols from any two-letter alphabet. The Fibonacci Word is formed by
repeated concatenation in the same way that the Fibonacci numbers are formed, each
term being the sum of the previous two terms [69, 70]

Sn = Sn-1Sn-2, where S0 = 0, S1 = 01

(3.3)

0, 01, 010, 01001, 01001010, 0100101001001…

(3.4)

Apply the Fibonacci Word in terms of Long and Short segments, L  (0) and S  (1).

L, LS, LSL, LSLLS, LSLLSLSL, LSLLSLSLLSLLS…

(3.5)

Starting with a 1D chain of identical particles or lattice cites, with the lattice constant, a:
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Then apply the labeling of L’s and S’s for each spacing while keeping the ratio of L/S =
1.00:

Now we can adjust the ratio of L/S = 1.62:

This distortion can be adjusted through the ratio of L/S from an undistorted periodic
lattice, L/S = 1.00, to a fully distorted aperiodic lattice with the ratio L/S being the golden
ratio, L/S = τ = (1+√2 )/2 = 1.61803. The golden ratio, τ, used in the definition for the
quasiperiodic spacing of the quasicrystal due to the irrational nature of the constant [61].
Therefore τ = 1.62 is chosen as the maximum distortion ratio for this work.

3.3

2D Fibonacci Distortion
To apply the 1D Fibonacci Distortion to a 2D hexagonal lattice we apply the 1D

distortion twice, along two basis vectors of the hexagonal lattice. The 1D Fibonacci
Distortion is applied simultaneously in these two directions and is then referred to in this
thesis as the Fibonacci Hexagonal Distortion (Fib-Hex) (See Figure 3.6).

3.3.1

Application of Distortion to 2D Hexagonal Lattice
The Fibonacci Hexagonal (Fib-Hex) distortion of the hexagonal lattice is

implemented by altering the lengths of the corresponding basis vectors. A finite-size
hexagonal lattice is first constructed. Beginning at one edge of the lattice, the basis
vectors in each orthogonal direction are assigned either an “L” or “S” from the Fibonacci
word. The lengths of the newly labeled basis vectors are then adjusted so that the ratio of
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L/S of the basis vectors is L/S=1.0 for an undistorted hexagonal and L/S=1.62 for the
maximum distorted hexagonal lattice in this work (Figure 3.6). The alteration of the
lengths of the basis vectors changes the distance between a subset of the lattice points of
the hexagonal lattice. After the new positions of the that subset is determined the vertices
are then reconnected. These new segments that reconnect the new locations of the lattice
points are therefore different lengths when compared to the uniform segment length of
the hexagonal lattice. These basis vectors that define the hexagonal lattice also define a
triangular lattice. The difference is that the hexagonal lattice has a second atom is its
primitive cell. In Figure 3.7, a red hexagonal lattice overlays a black triangular lattice.
The second atom of the hexagonal primitive cell is located at the geometric center of the
triangle on the triangular lattice. This method was used to calculate the position of the
second atom when a distortion is applied. The ratio of L/S can be adjusted continuously
between the L/S = 1.00 and L/S = 1.62 allowing for the L/S ratio to be any rational or
irrational number between the two limits. This allows for a continuous distortion from a
periodic hexagonal lattice to an aperiodic lattice. The Fib-Hex Distortion was adjusted to
have three values for this work. In figure 3.8 we illustrate the difference in the
undistorted hexagonal lattice, L/S = 1.00, a distortion of L/S = 1.30 and the full distortion
of L/S = 1.62. (Note: in the geometrical 2D to 1D projection to produce the Fibonacci
word, the spacing between projected points has a ratio of 1.62.)
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Figure 3.5 – Visual representation of the application of the 2D Fibonacci Hexagonal
Distortion. (a) Schematic of how the 1D Fibonacci Distortion is applied in 2D to
become what we call the Fibonacci Hexagonal Distortion. (b) Schematic showing the
application of the Fib hex distortion on the finite sized hexagonal patter and the distortion
of the triangular lattice that can be used to describe the 2D hexagonal lattice.
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Figure 3.6 – Illustration of the Fib-Hex Distorted Pattern. Pattern generated in KLayout
software to demonstrate the effect of the distortion on the hexagonal artificial spin ice
array at (a) L/S = 1.00, (ab) L/S = 1.30 and (c) L/S = 1.62. Implementation of the FibHex Distortion changes both the lengths of the segments and the coordination of the
vertex.
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The application of the distortion on the periodic hexagonal lattice changes the
coordination of the vertices and alters the length of the connecting segments. The
periodic hexagonal lattice has only one coordination 3 vertex with each segment 120o
from each other around the center vertex. (see Figure 3.9 (a)). After the application of
the Fibonacci hex distortion there are 13 different coordination vertices apparent in the
distorted pattern. Upon closer inspection that number can be reduced to 8 when
considering mirror and rotational symmetries of the initial 13 vertices (See Figure 3.9).
Two of the 8 resulting vertices are like the undistorted vertex in that they have equally
spaced segments 120o from each other (see Figure 3.8 (v1) & (v2)). Vertex v1 and v2
have the same angular orientation and uniform segment lengths but differ by the lengths
of their respective segments to one another. The remaining 6 vertices are also of
coordination 3, but now possess unique angles between the adjacent segments and unique
segment lengths. (see Figure 3.8 (v3) – (v8)).

15
Figure 3.7 – Distorted vertices. The periodic hexagonal starts with a single coordination
3 vertex abut after the distortion there are now 8 different vertices. (v1), (v2) are the
original coordination 3 vertex just rotated or with shorter adjacent segments. (v3) – (v8)
are new coordination 3 vertices with unique angles, not necessarily 1200, between the
adjacent segments with varied segment lengths.
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3.4

Fib-Hex Vertex Energies
The application of the Fibonacci Hexagonal distortion on the periodic hexagonal

lattice not only affects the coordination of the vertices and the segment lengths, but
affects the dipolar energies associated with the vertices when compared to the undistorted
hexagonal vertex. The energy of an artificial square ice system is associate with the
dipole interaction between the individual spins that are located on the patterned magnetic
islands. This problem is attacked by calculating the energy of the system by way
calculating the energy of the individual vertices of the system.
The dipole energy is of the system is given by the dipole interaction of the dipoles
associated with site i of the hexagonal lattice by

𝐸𝑑𝑖𝑝 =

𝜇𝑜 𝑚𝑜2
8𝜋

∑𝑖,𝑗(𝑖≠𝑗)

⃗⃑𝑖 𝜏
⃗⃑𝑗
𝜏
3
𝑟𝑖𝑗

[𝑒⃑𝑖 ∙ 𝑒⃑𝑗 − 3(𝑒⃑𝑖 ∙ 𝑟̂𝑖𝑗 )(𝑒⃑𝑗 ∙ 𝑟̂𝑖𝑗 )]
(3.6)

where the rij is the lattice vector between the two relative sites i, and mo is the magnetic
moment of each segment and τi = +/-1 represents the degree of freedom of the spin on
the segment with local anisotropy ei pointing along the length of the segment [40].

3.4.1

Vertex Model
The energy of the whole system can be estimated by calculating the energy of

each of the vertex energy configurations of the individual vertices of the system. This
vertex model is widely used to calculate the energy of a system by calculating the
individual microstates of the system [71]. One popular example of this technique is to
calculate the energy of the IH phase of crystalline water ice [72,73] by calculating the
energy of the four hydrogen atoms that surround the central oxygen atom. Treating each
hydrogen atom as a separate microstate or vertex to be calculated. In terms of this model,
the total energy of the system is the sum of the individual vertex energies of the system:

E = ∑N
i = 1 ni Ei
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(3.7)

here Ei is the energy of the given vertex configuration i, and ni is the number of vertex
configurations of this type in the system. This expression will diverge as the system size
goes to infinity, so it is only applicable to finite sized systems.
Because of the overt connected nature of the artificial spin ice system the
calculation of the vertex energies is more complicated than a pairwise calculation of the
segments. The calculation of the vertex energies must include all associated segments
that comprise the vertex and their magnetic textures at the time of the calculation. For
this reason, the magnetic textures of the periodic and aperiodic vertices included in the
Fib-Hex Distortion were simulated and calculated using OOMMF.

3.4.2

OOMMF Calculation of Vertex Energies
Micromagnetism is the study of the magnetic texture of ferromagnetic material

and model the behavior on the nanometer to micrometer scale [74]. To model such
systems, the individual spin of each atom is instead replaced with an average
magnetization per unit volume of the magnetic material. One popular simulation package
that is used to conduct such simulations and calculations is the Object Oriented
Micromagnetic Framework, OOMMF, developed by NIST [75]. In OOMMF the sample
system volume in question is divided up into a mesh of small cells in range of nanometers
as discussed before in Chapter 2.
The primary use of OOMMF is to simulate the magnetic dynamics of a system or
to use the package to find the magnetic texture of the system that minimizes the
magnetostatic energy of the system of interest. This is done by the simulations stepping
through the simulated field range and allowing system to relax into the lowest energy of
that configuration. We used OOMMF to do the latter and calculate the vertex energies of
the periodic and aperiodic vertices that evolve out of the application of our Fib-Hex
Distortion. OOMMF uses a conjugate gradient energy minimization algorithm [76] that
attempts to minimize the energy of the system if it is possible to reach a stable magnetic
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texture withing the sample. The exchange energy of a particular cell is calculated by
considering the magnetization of 6 nearest neighbors of the cell in question:
𝑖
𝐸𝑒𝑥
= 𝐴 ∑6𝑗=1

⃗⃗⃗⃑𝑖 ⋅(𝑚
⃗⃗⃗⃑𝑖 − 𝑚
⃗⃗⃗⃑𝑗 )
𝑚
∆2𝑖𝑗

(3.8)

where A is the exchange coefficient, mi and mj are the magnetization unit vectors for the
cells i and j respectively. The calculation of the monostatic energy is done by calculating
the demagnetization field for the complete sample. Further details of this calculation are
discussed in papers by Aharoni [77] and Newell et all [78]. The full result that is
exported by OOMMF gives both the exchange energy, Eex, and the magnetostatic energy,
Em. So, the full expression for the calculated vertex energy of a given vertex N of
configuration i, is given by:

𝐸𝑁𝑖 =

1
2

𝑖
𝑖
𝐸𝑚
+ 𝐸𝑒𝑥

(3.9)

The parameters used for a standard Permalloy structure experiment are as follows:
exchange constant A = 1.3x10-11 J/m, saturation magnetization Ms = 8.6x105 A/m, the
magnetocrystalline anisotropy of permalloy K = 0, gyromagnetic ratio γ = 1.9x109 Hz/T
and the dimensionless damping constant used was α = 0.01.

3.4.3

Calculated Vertex Energies
Using the OOMMF approach to calculating the vertex energies we calculate the

vertex energies of the 8 unique vertex configurations of the Fib-Hex Distortion. The
vertices were imported into OOMMF and then the magnetization and associated energies
are calculated without any off the neighboring vertices considered. The simulation was
run for the single vertex as the simulated field was swept from positive to negative
saturation and the energies were calculated for each of the possible magnetic
configurations. The vertex energies were calculated for the ground state energy, E0, and
the resulting excited states, E1 – E3, of the vertex based on the saturation of the segments
and the presence of any domain walls present.
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The undistorted lattice of L/S = 100 is made entirely of v1 vertices and this vertex
is represented in the other two distortion values, L/S = 1.30 and L/S = 1.62, as well. The
energy calculation for v1 is then the energy calculation for the vertices of the undistorted
L/S = 100 hexagonal ASI lattice. For L/S = 1.30, the v1 – v8 vertex energies are
calculated and their resulting magnetization configuration for each energy level is also
presented in Figure 3.10 and Figure 3.11. The magnetic saturation and any domain wall
configurations for each vertex can be seen in the simulated magnetization textures. From
these simulations we see the presence of both transvers and vertex domain walls in the
segments and vertices of the undistorted and Fib-Hex distorted patterns. Note that for v2
simulated for L/S = 1.30 there were two energy values, the excited E3 value, for which
the magnetic texture of the simulation was unstable and could not resolve the
configuration.

16
Figure 3.8 – Vertex energies for the undistorted L/S = 1.00 and L/S = 1.30 distorted
hexagonal ASI sample. Vertices v1 – v4 are presented. The calculated energy from
OOMMF is listed below each magnetization configuration. The magnetic texture and
any domain wall configurations can be seen in the simulated magnetization arrows.

56

17
Figure 3.9 - Vertex energies for the L/S = 1.30 distorted hexagonal ASI sample. Vertices
v5 – v8 are presented. The calculated energy from OOMMF is listed below each
magnetization configuration. The magnetic texture and any domain wall configurations
can be seen in the simulated magnetization arrows.

The L/S = 1.62 distortion contains the v1 vertex of the undistorted L/S = 1.00
hexagonal ASI lattice, but the remaining 7 vertices differ greatly from those of the L/S =
1.00 and L/S = 1.30 lattices. Figure 3.12 and Figure 3.13 show the calculated vertex
energies and the simulated magnetic configurations that are associated with each of the
energetic states of the vertex. Again, we see the presence of both transverse and vortex
domain walls in the simulated segments and vertices. Note that again we have a vertex,
v7, that fails to stabilize the magnetic configuration for the excited state of E3 for that
vertex.
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Figure 3.10 - Vertex energies for the undistorted L/S = 1.00 and L/S = 1.62 distorted
hexagonal ASI sample. Vertices v1 – v4 are presented. The calculated energy from
OOMMF is listed below each magnetization configuration. The magnetic texture and
any domain wall configurations can be seen in the simulated magnetization arrows.
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Figure 3.11 – Vertex energies for the L/S = 1.62 distorted hexagonal ASI sample.
Vertices v5 – v8 are presented. The calculated energy from OOMMF is listed below
each magnetization configuration. The magnetic texture and any domain wall
configurations can be seen in the simulated magnetization arrows.

Looking at the raw calculations for the vertex energies it is clear they are
symmetric with the saturation of the vertex in both the positive and negative directions.
The OOMMF calculation of the vertex energies gives two values for each of the stable
magnetic configurations. One for the positive-negative (P-N) sweep of the simulated
applied field and another for the negative-positive (N-P) sweep. It is expected that the
introduction of the Fib-Hex Distortion will have an effect on the vertex energies
considering that the distortion changes the angular alignment of the spin-spin correlations
and the magnitude of the magnetization in the segments that make up the specific vertex
configurations. The angular alignment of the segments is a substantial perturbation of the
system from the undistorted hexagonal ASI lattice with the angles changing from a
uniform 120o to angles between nearest neighbor segments as large as 161.08o and as
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small as 91.63o. The change to the segment lengths, and therefore the magnetization of
the segment, is represented by changing the segments from a uniform 500 nm to lengths
from 512 nm to 283 nm. Considering these differences and calculating the vertex
energies it is difficult to see any correlation between the changes in the raw vertex
energies and the application of the Fib-Hex Distortion. To see that correlation, we
normalize each vertex energy to the ground state energy of that vertex configuration. By
dividing each energy state for a vertex by this ground state energy, E0, normalizes each
vertex ground state to 1.00 and normalizes each of the other excited states for that vertex.
In doing that we see that the vertex energies of the excited states of the vertices tend to
increase with the application of the Fib-Hex Distortion while some others are decreased
with the distortion. Roughly 38% of the vertex energies are decreased with the increase
of the distortion. For example, looking at v8, for L/S = 1.30 and L/S = 1.62, the
normalized excited states increase in energy from E1 (1.30) = 1.026911 to E1 (1.62) =
1.047106, from E2 (1.30) = 1.033304 to E2 (1.62) = 1.071093 and finally from E1 (1.30) =
1.87813 to E1 (1.62) = 1.926206. But if you look at v4, L/S = 1.30 and L/S = 1.62, the
normalized excited states decrease in energy from E1 (1.30) = 1.1.01256 to E1 (1.62) =
0.913256, from E2 (1.30) = 1.038006 to E2 (1.62) = 0.913382 and finally from E1 (1.30) =
1.88282 to E1 (1.62) = 1.774759. The change in the angular alignment of the Ising spins
in the segments can in a The raw and normalized vertex energies for L/S = 1.00, L/S =
1.30 and L/S = 1.62 for each of the 8 vertices are listed in Table 3.1.
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Table 3.1 – Raw and Normalized OOMMF calculated vertex energies. The vertex
energies of all 8 vertex configurations of the three distortion ratios that were studied, L/S
= 1.00, L/S = 1.30 and L/S =1.62. To normalize the energies of the vertices, each vertex
energy is divided by that vertex ground state energy, Eo. Most of the vertices see an
increase with increased distortion while a subset of vertices sees a decrease in the vertex
with increase in distortion.

1
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CHAPTER 4. EXPERIMENTAL METHODS
4.1
4.1.1

Equipment
2-Axis Room Temperature Magnet
Room temperature magnetoresistance measurements were taken on an Evico

Magnetics 4 – Pole tabletop magnet. The magnet is water cooled with a rotating
computer-controlled field for in-plane magnetic measurements up to +/- 2.0 kG and a
remnant field as low as +/- 5 G when the coils are de-energized. Samples were loaded on
a standalone sample holder with a total of 16 pins for electrical connections and oriented
so that the magnetic field is parallel to the plane of the 2D sample. The orientation of the
sample is such that an external field applied at 0o by the computer controller is
perpendicular to the direction of applied current. The applied angle and magnitude of the
magnetic field as well as the applied current and data acquisition are controlled by a
LabVIEW 12.0 program written by Dr. Yong-Lei Wang. A 20 µA DC current was
applied using a Keithly 6221 Current Source controlled by the LabVIEW program.
Longitudinal (VXX) and Hall voltages (VXY) are measured simultaneously for two
distortions of the hexagonal lattice using four Keithly 2128A Voltmeters also controlled
by the LabVIEW program. Data scans were taken by ramping applied field from 0 G to
the maximum value of +/- 2 kG and the slowly stepped to the opposite maximum value in
4 G steps while transvers and perpendicular voltages were measured.

4.1.2

3-Axis Magnet
Low temperature magnetoresistance measurements were taken on the American

Magnetics, Inc. 3 – Axis Magnet System with +/- 1 T in x-y plane and +/- 9 T vertical
field. The magnet is LHe cooled with an operating temperature range of <2 K ≤ T ≤ 300
K, controlled by integrated variable temperature insert (VTI). The sample is fixed to a
removable sample puck that has a maximum of 16 electrical connections and the socket
for the sample puck. The sample puck is mounted on a copper holder at the end of the
sample rod insert designed in the laboratory. The sample temperature is monitored by a
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thermal sensor mounted on the copper sample holder. The sample temperature probe is a
small distance from the sample location so there is an issue with temperature lag of the
sample if the temperature is being ramped. Once the temperature is stabilized there is no
appreciable difference in the temperature measured by the probe and that of the sample.
Both the sample temperature is controlled along with the VTI by LakeShore 340
Temperature controllers. Helium exchange gas at a pressure of approximately 100 Torr
is left in the sample chamber to facilitate temperature control of the sample by the VTI.
Electrical connection is made through coper wires fed into the sample chamber to the
sample puck socket. The sample is wire bonded to the sample puck with 1% siliconaluminum wires using a West Bond 7300 wire bonder. A 20 uA DC current was applied
using a Keithly 6221 Current Source controlled by a Python computer program written
by Dr. Yong-Lei Wang. Longitudinal (VXX) and Transverse (VXY) are measured
simultaneously for two distortions of the hexagonal lattice using four Keithly 2128A
voltmeters also controlled by the computer program.
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Figure 4.1. Fibonacci distorted transport sample with connection pads deposited on the
two different samples. The left sample area is an un-distorted hexagonal lattice with L/S
= 1.00. The right simple area is a distorted hexagonal lattice with a distortion ratio of L/S
= 1.62.

An SEM image is shown in Figure 4.1 shows the sample arrangement with the
conduction pads deposited on the two samples measured on the substrate. The transverse
voltage, VXY, was measured by measuring the voltage across the sample perpendicular to
the current path with connections E-P for the sample on the left of the image and F-N for
the sample on the right of the image. Longitudinal voltages, VXX, was measured parallel
to the current path by measuring the voltage drop across B-G for the left sample and R-K
for the sample on the right.
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4.2
4.2.1

Sample Fabrication
Electron Beam Lithography
Election beam lithography technology advances in recent years have made the

creation of patterns in electron sensitive resists with feature sizes well below 1 um easily
attainable. The process involves using a highly focused beam of electrons to expose a
predetermined pattern in a resist that is spin coated onto the desired substrate. Based on
whether the resist is positive of negative, the molecular bonds of the resist can be
strengthened or weakened, respectively when exposed by the electron beam. The resist
can then be developed through serval different solutions designed to develop that
corresponding resist to remove the appropriate part of the pattern. For example, for a
positive resist, when the resist is developed the part of the pattern that was exposed with
the electron beam will be dissolved and removed by the solution. By contrast, when
negative resist is used the exposed areas of the resist are the portions of the resist that
remain after the liftoff procedure.
A Raith eLine system was used to pattern magnetoresistance samples on Si
substrates. The Raith system makes use of pattern files generated inside the Raith
software and by outside software consisting of collections geometrical shapes. Raith
pattern files, .gds files, were created in the free to use design software KLayout. Then the
.gds file is then imported into the Raith system and here the dose of the exposure is
assigned to the pattern and the pattern write field (WF) is defined. After the dose of the
pattern is set the sample is the dose corrected for proximity affects in BEAMER.
Proximity effects occur when two features in a pattern are close enough that when they
are both exposed by the electron beam, their proximity to each other allows for stray
electrons scattered in the resist to overexpose the pattern. This effect is usually observed
in separated segments being merged or “fattened” upon deposition and liftoff. The
BEAMER software allows for the pattern to be fragmented into smaller portions and a
gradient of doses applied based on how close each segment of the pattern is to adjacent
segments. This process makes dose tests more accurate and minimizes many pattern
errors associated with incorrect doses.
Sample substrates where silicon with a 200 nm layer of S3N4 evaporated on the
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service of the polished face. Substrates were prepared by sonicating them for 5 minutes
each in Isopropanol and Acetone and rinsed in deionized water. The substrates where
then O2 Plasma cleaned in an MΛRCH cs-1701 plasma etcher. The samples were O2
Plasma cleaned for 30 s at a power of 40 W with 22 sccm oxygen flow at a pressure of
160 Torr. This “descum” process removes any remaining organic solvents and makes the
substrates somewhat hydroscopic and more easily spin coated. A bilayer of polymethyl
methacrylate (PMMA) A2 was used to create the needed artificial spin ice lattice. A base
layer of PMMA 495 A2 was spin coated at 1500 rpms for 50 s creating a layer
approximately 90 nm thick that is then cured at 180o C for 90 s. A second layer of
PMMA 950 A2 was spin coated on top of the base layer at 2500 rpms for 50 s giving a
layer of approximately 90 nm and again cured at 180o C for 90 s. A bi-layer of PMMA
was chosen to impart an “undercut” in the developed resist that assists in the liftoff the
unwanted deposited material. After exposure, the resist was developed using 1:4 reagent
grade ethanol and deionized water for 45 s, rinsed in reagent ethanol for 15 s to stop any
further development of the resist and finally rinsed in deionized water for 15 s.
The electron beam was focused to be able to easily image the edges and
separation of 50nm Au particles placed on the substate as a focusing tool. See figure 4.2.
The area exposure of the artificial hexagonal lattice was achieved with an accelerating
voltage of 30 kV with an aperture of 10 um and a working distance, z, of 7 mm. With the
use of dose correction in the BEAMER software, a dose of 225uC/cm2 was found to
adequately expose the PMMA A2 resist and reliably produce permalloy segments at with
w = 120nm.
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Figure 4.2. SEM Image of Electron Beam Lithography results. (a) SEM focusing image
of 50nm diameter Au particles at 30kV with 10um aperture and a working distance of
7.0mm. (c) SEM Image of undistorted hexagonal ASI lattice patterned sample area. (b)
SEM image of undistorted hexagonal ASI zoomed in to measure the width of the
permalloy segments. (d) SEM image of the fully distorted hexagonal ASI with L/S =
1.62.

4.2.2

Laser Writer
Larger pattern areas that have features orders of magnitude larger than those

written with Electron Beam Lithography (EBL) can be done with a Laser Writer (LW).
Laser Writers function in much the same manner as EBL, but instead of an electron
beam, a laser is used to expose the corresponding resist. This allows for large pattern
areas of the order of cm2 in a matter of minutes but limits the size of features that can be
patterned. An MLA 150 Laser Writer with a wavelength of 405 nm was used to pattern
contact pads and connection segment onto the magneto transport samples created using
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EBL. It is not advisable to make the contact and connection pads out of permalloy as
well since the stray field from those large magnetic pads can affect the magnetoresistance
signal in the bulk of the sample and effect the reversal of the sample. The sample is first
created using EBL as discussed earlier and then spin coated with Microposit S1813
photoresist at 4000 rpm for 60 s to create a film 1.3 um thick. The substrate is then baked
at 115o C for 60 s to cure the resist. The pattern is then exposed with the 405 nm laser
with a dose quantum of 100 mJ/cm2. This dose is sufficient to resolve features as small
as 10um. The connection and contact pads are of the order of 500 µm so these settings
give more than adequate resolution. The resist is then developed in 3:1 deionized water
and Microposit 351 developer for 30s and then rinsed in deionized water for 15s. See
Figure 4.3.

22
Figure 4.3. KLayout schematic and Optical Microscope image of contact and connection
patterns. (a) Complete connection pad pattern as designed in KLayout software. The
pattern allows for multiple electrical connections for 14 of the 16 possible connections on
the sample puck. (b) Optical Microscope image of connection pattern after MLA 150
laser writer exposure and e-Beam deposition zoomed in to illustrate the alignment and
orientation of the connection pads to the magnetoresistance sample areas. Here the black
areas are the substrate, the gray area is the magnetotransport sample and the light blue
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areas are the Au contact and connection pads.
4.2.3

Electron Beam Evaporation
Permalloy, aluminum, titanium, and gold were thermally evaporated on the

Si3N4/Si substrates using an Electron Beam Evaporator (e-Beam) custom built in the
Material Science Division (MSD) at Argonne National Lab (ANL). e-Beam evaporation
is achieved by directing a focused beam of elections from a filament source to a source
ingot of the desired deposition metal, heating it to the point it sublimates transferring the
material to the sample substate. The beam of elections is generated by a heated filament
source. The emitted electrons are collimated, and the beam is bent using and an external
electric field such that they arc to the center of the target ingot. As the tarted continually
heated by the electron beam a portion will become molten and a transfer of the target
material will occur to a sample located a distance above the target ingot. The intensity
and relative location of the election beam can be adjusted to increase or decrease the rate
of sublimation to the sample. By increasing the intensity of the electron beam the rate at
which the target material is transferred to the sample. By rastering the electron beam
over a larger area of the target ingot it is also possible to increase the rate at which the
material is transferred. By adjusting these parameters, the rate at which the target
material is carefully controlled as managed by a crystal thickness monitor located beside
the sample stage. The general schematic of an e-Beam evaporation system is shown in
Figure 4.4.
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Figure 4.4 – Electron Beam Evaporation System general structural layout. Target ingot is
heated by a concentrated beam of accelerated electrons. The target in heated to the point
of becoming partially molten and the cloud of sublimated material is transferred to the
sample on the sample stage above the target ingot [79].

After sample exposure and development, the substrates are loaded into the system
load lock and pumped to a vacuum of 2.0x10-6 Torr. Once that pressure is reached the
sample is loaded into the main chamber of the e-Beam Evaporator. Once loaded into the
main chamber a vacuum of approximately 5x10-7 Torr is reached before deposition is
started. E-Beam current and voltages are adjusted so that the source becomes molten and
the rate of deposition of the material is 0.2 Å/s as measured by crystal thickness monitor
calibrated for the system dimensions. For the magnetoresistance samples 25 nm of Py is
deposited and then capped with 1.5 nm of Al to passivate the permalloy from oxidation.
For the contact and connection pads 5nm of Ti were used as adhesion layer and then 45
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nm of Au is deposited on the Ti for good electrical connection and a surface thick enough
for wire bonding electrical connections. The working distance between e-Beam target
and substrate is approximately 1 m. This distance allows for good deposition of material
without heating the substrate and resist. Heating the resist during deposition can lead to
resist that is resistant to development and partial lift off the excess material.
After deposition, the substrates are placed in Microposit Remover 1165 to remove
the excess material deposited on the substrate. Samples are placed in Remover 1165 and
placed on a hotplate to warm the remover to 75o C and is left to soak for 12 – 18 hours.
The longer the samples sit in the remover the better liftoff of small features of the pattern.
The remover can be done as quickly as an hour, but the small feature size of the
hexagonal lattice made can provide some difficulty in getting complete liftoff. After a
soak time of several hours the substrates are removed from the Remover 1165 and rinsed
with acetone to remove and prevent any of the removed deposited materials from
reattaching to the sample surface. After the acetone rinse the sample is sonicated in
acetone for about 5 min to facilitate the lift off of deposited material from the smaller
features of the pattern. After sonication, the substrates are rinsed in deionized water and
blown dry with compressed nitrogen. See Figure 4.5 for a simplified schematic of the
overall electron beam lithography, deposition and liftoff process to create the desired
pattern on the substrate.
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Figure 4.5. Electron Beam Lithography, Deposition and Liftoff schematic. The substrate
is spin coated with resist and exposed with an electron beam. The exposed portions are
developed and removed by a chemical solution. The intended material is then e-Beam
evaporated onto the developed resist, and then after a liftoff procedure the final structure
remains on the substrate [80].

4.2.4

Wire Bonding and Electrical Discharge Damage
All electrical connections from the patterned connection pads to the sample puck

used to load the sample into the cryostat probe were made with a West Bond 7300 wire
bonder. The sample puck was specially made for the custom cryostat probe designed in
the Material Science Department at Argonne National Laboratory. It has 16 individual
connects that connect to 16 pins that seat in the 16-pin socket of the sample holder. Each
electrical connection on the sample puck consists of two connected Au plated connection
pads with an area of 1 mm x 1 mm. The inner pad is used to make electrical connections
sample and the outer pad is available for other apparatus or temperature probes (See
Figure 4.6). There are 14 electrical connections pattered on to the magnetotransport
sample: two to provide the applied DC current and 12 more to measure the VXX and VXY
for the two Fib Hex distortions on the sample. The sample is wire bonded to the sample
puck with 1% silicon-aluminum wires used in the West Bond 7300 wire bonder. The use
of Au on both the patterned connection pads to the sample and Au on the sample puck
connection pad makes for a good electrical connection eve after repeated wire bonding
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when needed.
Wire bonding using the West Bond 7300 also provided needed protection from
electrical discharges when loading the sample from the cryostat probe. Early in this work
we found that the act of making the electrical connection of the sample puck to the
sample socket in the cryostat probe caused enough of a static discharge to destroy the
samples. The thin connected leads that are patterned onto the magnetoresistance samples
were unable to withstand the power of the static discharge and would frequently be blown
if precautions were not taken. On some occasions the electrical discharge was large
enough to destroy the magnetoresistance sample entirely. We found that once the sample
puck was loaded, disconnection and reconnection of any of the electrical connections
would likely cause a blown lead in the loaded sample. Unloading the sample did not
show the same propensity for an electric discharge and damage. To counteract this, we
developed a system of using a wire bonded “2D Faradays Cage” around the sample prior
to loading. The second connection pad on the sample puck was used to wire bond all 16
outer connection pads together in a loop prior to loading the sample (See Figure 4.6).
This exterior loop of connection was able to distribute any current pulse from a static
discharge during loading and protect the sample. After the sample was loaded and all
electrical connections are made to the cryostat probe, the wired “2D Faradays Cage” is
removed carefully with tweezers and the probe can then be loaded in the cryostat.
Following this procedure, we were able to safely load, unload and re-load samples for
multiple experiments while minimizing the risk of damage to the sample and the sample
leads.

73

25
Figure 4.6 – Sample Puck and Wire Bonded “2D Faraday Cage”. (a) Image of sample
puck with sample glued to the central sample space. (b) Wiring diagram for the electrical
connections for the applied DC current and VXX and VXY measurements (black) and
the “2D Faraday Cage” (Red) to protect the sample from static discharge damage.

4.3
4.3.1

Analysis
OriginPro
Sample plots and data analysis was done with Origin Student 2020. Origin is the

data analysis and graphing software widely used scientists and engineers in commercial
industries, academia, and government [81].

4.3.2

Micromagnetics
Dynamic models are needed to arcuately simulate the magnetic reversal of a

system in a hysteresis loop. Static models where only stable states of minimized energy
are examined will not give an accurate representation of the observed phenomena. When
dealing with an artificial spin ice lattice the order in which the segments flip will affect
the final state of our system. In a changing field the system will stay in any one state
until that state is no longer an energy minimum. The state that it evolves into can be
determined by solving the dynamic equations associated with magnetic moments under
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the influence of an external magnetic field. In this formulation the total energy is
expressed as the effective field Heff. This effective field is derived from the ferromagnets
total energy εtotal [82]

𝐻𝑒𝑓𝑓 (𝑡) = −

1 𝜕ℇ𝑡𝑜𝑡𝑎𝑙
𝜇0 𝜕𝑀(𝑡)

(4.8)

Here the Heff exerts a torque on the magnetic moment M and under that torque the
magnetic moment to precess about the direction of the effective field vector. We can
express the time dependence of that precession by [14]
⃗⃗⃑
𝑑𝑀
𝑑𝑡

⃗⃗⃑ × 𝐻
⃗⃑𝑒𝑓𝑓 ]
= −𝛾0 [𝑀

(4.9)

where γ0 is the Landau-Lifshitz gyromagnetic ratio expressed formally as γo = µ0
(gqe/2me). Here g is the Landau factor and qe and me are the charge and mass of the
electron.
The magnetization processes around the magnetization vector at the Larmor
frequency, fLarmor, expressed by the relation, fLarmor = (γ/2π) Heff. The local energy of the
system is minimized when

⃗⃗⃑(𝑡) × 𝑀
⃗⃗⃑𝑒𝑓𝑓 (𝑡) = 0
𝑀

(4.10)

This relationship is known as Brown’s Equation [82].
It is widely known that at some limit of the applied external field all the spins in
the system will be aligned with the external field. This saturated state represents the
maximum alignment possible of the magnetic moments and the external field and
therefore a damping term needs to be added to Equation 4.9. Equation 4.9 then takes the
form of the Landau-Lifshitz equation and allows for the alignment of the magnetization
and the external field to occur in a finite amount of time [82].
𝑑𝑦
𝑑𝑥

⃗⃗⃑(𝑡)] −
= − 𝛾̅ [𝑀

̅𝛼
𝛾
𝑀𝑠

⃗⃗⃑ (𝑡) × (𝑀
⃗⃗⃑(𝑡) × 𝐻
⃗⃑𝑒𝑓𝑓 (𝑡))]
[𝑀
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(4.11)

where α is the damping constant. For permalloy α = 0.02 which give good agreement
with our experimental data. Finally, the Landau-Lifshitz equation can be expressed in
terms of Landau-Lifshitz gyromagnetic ratio and was re-written by Gilbert and is known
as the Landau-Liftshitz-Gilbert Equation [82]
⃗⃗⃑
𝑑𝑀
𝑑𝑡

⃗⃗⃑(𝑡) × 𝐻
⃗⃑𝑒𝑓𝑓 (𝑡)] −
= −𝛾0 [𝑀

𝛼
𝑀𝑠

⃗⃗⃑(𝑡) ×
[𝑀

⃗⃗⃑
𝑑𝑀
𝑑𝑡

]

(4.12)

The Landau-Lifshitz gyromagnetic ratio is related to γ- by γ- = γ0 / (1+α2) and will reduce
back to Equation 4.9 when α = 0

4.3.3

OOMMF Micromagnetics
Simulations of this dynamic model were done using Object Oriented

Micromagnetic Framework (OOMMF). OOMMF is a simulations package published by
the Information Technology Laboratory at the National Institute of Standards and
Technology [83]. The main development was done by M. Donahue and D. Porter. For
our simulations we used version OOMMF 2.0.
OOMMF is a powerful tool to solve the Landau-Lifshitz equation (Equation 4.11)
for a discretized mesh of the sample geometry imported. The simulation package takes in
to account the applied field, the exchange energy, the demagnetization, and any
anisotropy present. The package then solves for the magnetic state of the magnetic
material for each point in the discretized mesh of your geometry in a specific field. The
solver then relaxes the 3D spin of the material in to a 2D representation of that
magnetization for each point in your mesh. The simulation is done when the time
dependent magnetization of the sample drops below a specified value. Through this
process the local minimum in energy for the system can be found using OOMMF as well.
A more detailed description of our use of OOMMF and the comparison of the
simulated magnetoresistance data to the experimental magnetoresistance data will be
discussed in Chapter 6 of this thesis. There we will discuss the limitations of simulating
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the experimental data, the initial conditions used in the simulations and to what degree
the simulations are predictive of the experimental environment.
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CHAPTER 5. MAGNETORESISTANCE OF A 2D FIBONACCI DISTORTED HEXAGONAL
ARTIFICIAL SPIN ICE
In this chapter we will investigate the effect of a Fibonacci Distortion on the
Hexagonal Artificial Spine Ice through electrical transport methods. Electrical transport
results of the distorted hexagonal lattice are compared to the undistorted hexagonal lattice
to investigate the difference in magnetic reversal events in the presence of a changing
external magnetic field. The longitudinal (RXX) and transvers (RXY) resistance is
measured while the external filed is swept from positive saturation to negative saturation
and the reverse. As the external magnetic field magnitude is reduced and then reversed
the magnetization of the permalloy segments will experience a cascade of reversal events
through the nucleation and propagation of domain walls through the ASI segments.
These reversal evens are large discontinuities, or “jumps”, in the resistance signal.
Previous work by Le et al. in 2017 [02] showed that these reversal events are the result of
a subset of the segments of the hexagonal permalloy segments flipping their
magnetization. This reversal of magnetization is detected in the resistance measurement
due to the Anisotropic Magnetoresistance (AMR) effect on the current carrying
permalloy segment. The resistance of these segments changes as the orientation of the
magnetization inside the segment changes with respect to the current direction. Also
reported by Le et al., and previous work [33], is the dependence of the magnetoresistance
response on not only the reversal behavior of the segments but the energies that result
from the domain wall configurations of the vertices. The application of the Fibonacci
Distortion changes both the segment lengths and the vertex coordination by changing the
angle separated neighboring segments. We investigate these effects on segment reversal
events through the magnetoresistance response. We measure the magnetoresistance
responses of the samples as the angle of the applied magnetic field is varied as referenced
by the applied current direction. We also look to verify these reversal events through
OOMMF simulations. Simulations of the reversal under an applied field were conducted
on a truncated distorted and undistorted hexagonal lattice at the corresponding angles.
We simulated two different current paths for the longitudinal (RXX) and transverse (RXY)
resistances and compare these to our data.
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5.1

Magnetoresistance
Electrical transport measurements are magnetically sensitive measurement

techniques that allows for measurements to be done at both high and low temperatures.
The electrical transport signal through a Fibonacci Distorted system of connected
permalloy hexagonal artificial spin ice was studied in comparison to the undistorted
hexagonal ASI lattice. The distortion was applied to the standard hexagonal artificial
spin ice system creating distortion ratios, L/S, from 1.00 – 1.62 in increments of 0.05 of
the distortion. For the work here we focus on distortion ratios L/S = 1.00, L/S = 1.30 and
the full distortion L/S = 1.62. The undistorted hexagonal artificial spin ice is represented
as L/S = 1.00 and the fully distorted hexagonal artificial spin ice system is represented as
L/S = 1.62. For detailed descriptions of the Fibonacci Distortion and how it was applied
to the hexagonal artificial spin ice, see Chapter 4. The permalloy bars that make up the
arrays are 500 +/- 2.5 nm long, 119 +/- 2.5 nm wide with a thickness of 25 +/- 0.1 nm.
The system is passivated with a layer of aluminum 1.5 +/- 0.1 nm thick. The sample
consists of two separate distortion rations arranged in series with a 45 +/-0.1 nm layer of
Au connecting the two samples. The pattern area of each sample studied was 25 um x 45
um for each distortion. A current is passed through both simultaneously and the
longitudinal (RXX) and transverse (RXY) resistances are measured using the standard 4 point Hall geometry.
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Figure 5.1 – Sample orientation and experimental sample setup for transport
measurements. For more detail see Chapter 2, “Experimental Methods”.

The magnetoresistance signal of an artificial spin ice array is largely driven by
two competing anisotropy magnetoresistance effects: The presence, locations and motion
of domains walls in the segments and the difference in the angle between he
magnetization of the segment with the applied magnetic field [81]. The contribution of
the presence and location of the domain walls occurs in the low field region where the
magnetic texture of the spin ice array is dominated by the shape anisotropy of the
segments. The contribution to the resistance from the applied field not being parallel or
anit-parallel to the Ising spin of the segment dominates at high fields. For an undistorted
hexagonal lattice, the vertices will orient themselves into six different configurations
following ice rules. Based on the direction of the saturating field, the domain wall
present will have different locations inside the vertex. A schematic of all vertices and
their corresponding domain wall locations are represented in Figure 5.2. One current
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direction was investigated while at different applied field angles and distortion ratios.
The average current for each segment is parallel to the long axis of the permalloy
segment. The high and low current paths through each vertex is determined by the
magnetization at the time of measurement and is represented by the solid Red and Blue
Arrows respectively in Figure 5.2. For example, in the undistorted hexagonal lattice, the
Blue Arrow passes through the vertex making a right angle with the established domain
wall, taking the path of least resistance. The red arrow path is taken such that it passes
through the vertex parallel to the established domain wall and is therefore the path of
higher resistance.
The resistance of a magnetically saturated permalloy segment is given by [50]

𝑅𝑆𝑎𝑡. =

𝜌∥ 𝑙

(5.1)

𝑤𝑡

where ρll = 35.5 µΩ-cm is the room temperature resistivity of permalloy with the current
and magnetization of the segment are parallel or anti-parallel [50], w is the width of the
segment and l and t are the length and thickness of the segment respectively. Using this
equation and the dimensions of the undistorted segment of the hexagonal lattice with
length 500nm, with of 120nm and a thickness of 25nm has an estimated resistance of ~59
Ω. The application of the Fibonacci Distortion to the hexagonal lattice give a variation of
segment resistances based on the changing of the overall segment lengths.

81

27
Figure 5.2 – Vertex domain locations based on ice rules and saturation direction. Domain
location is marked with an orange rectangle. (a) Location when saturated in the +x
direction and (b) when saturated in the -x direction. (c) and (f) Locations possible when
saturated in the -y direction. (d) and (e) Locations possible when saturated in the +x
direction. Current flow through the vertices is indicated by the dotted arrows in the AMR
case and solid arrows in case of current being applied from right to left as in the
experiment. The high and low resistance current paths are listed as Red and Blue arrows,
respectively [13].
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5.1.1

Two Dimensional In plain 180o Magnetic Reversal
The in -plane magnetic reversal curves for 10 K and 295 K are shown in Figure

5.3 for the undistorted L/S = 1.00 ratio for longitudinal and transvers resistance with the
applied field at θ = 0o with respect to the current density. The reversal of the magnetic
segments of the undistorted and distorted hexagonal lattice are field direction dependent.
The segment reverses by nucleating a domain wall at the edge of the segment that is then
driven through the segment and other segments of the array leaving behind a string of
flipped segments [13]. As the magnitude of the applied field increases, the Ising nature
of the magnetization of the segments begins to fail as the magnetization curls way from
the long axis of the segment. This is a result of the external magnetic applying a force
that exceeds that of the constraints of the large shape anisotropy. The two mechanisms
are evident in the magnetoresistance signal as the field is swept from negative to positive
saturation and then reversed. At low fields, sharp peaks are present that represent the
sum of segment reversals from domain wall nucleation and translation through the array.
Previous work by Le et al. [02] has shown these reversal events are due to the subset of
segments at +/- 60o flipping as the field is swept at an angle of θ = 90o with respect to the
current direction. The implementation of the Fibonacci Distortion changes the
symmetries of the lattice such that the segment reversals happen at different applied field
angles. At high fields, the parabolic background is representative of the magnetization
being pulled away from the Ising state along the long axis of the segments.
The reversal events of the magnetoresistance signal can be mapped onto the five
different vertex coordination states as the system evolves form negative saturation to
positive saturation and vice versa. These five different vertex geometries can be seen in
Figure 5.3. Looking first at the undistorted hexagonal lattice, we can see the vertices obey
the ice rules as the segments are reversed and increased field pulls the magnetization
away from the long axis of the permalloy segment. For the undistorted hexagonal lattice,
with the applied field along the +x direction the, the artificial spin ice array at 10 K was
observed to reverse via domain wall nucleation and propagation at +/- 750 G. Above
and below +/- 750 G the applied filed can pull the segment magnetization away from the
long axis of the segment and align it with the external field. At this saturation
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configuration the current is then parallel to the magnetization of the horizontal segment
and makes an angle of 60o with the magnetization in the diagonal segments. This leads
to an overall low resistance state for the sample at high applied field [13]. At zero field
the vertex coordination for all vertices is expected to be in configuration (2) of Figure 5.3
and will represent a different resistance state for longitudinal and transverse resistance.
Vertex configuration (2) is a low resistance state for RXY(RX) and a high resistance state
for RXX(RX). The magnetoresistance signal of RXX was observed to decrease until the
reversal event of cascading segment reversals at +/- 750 G leaving the majority of the
vertices in the (3) and (4) configurations seen in Figure 5.3.

After this reversal event the

sharp increases in the resistance is the result of the nucleated domain wall of the partially
switched vertices returning all the vertices to the (2) configuration.
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Figure 5.3 – Vertex configurations of longitudinal and transvers magnetoresistance
signals with a external field applied at θ = 0o. (a) Transvers magnetoresistance signal
with both current and field applied in the +x direction. (b) Longitudinal
magnetoresistance with both current and applied field in the +x direction. The five vertex
coordination types are seen to evolve from the segments saturated in the -x direction (1),
then as the field is reversed the vertex develops a domain wall (2) and as the field is
increased in the opposite direction the vertex can assume one of the two domain wall
configurations in (3) and (4) and final as the sample saturates in the +x direction (5).
Figure adapted from [13]
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The reversal behavior of the artificial spin ice arrange is directly affected by the
angle of the applied field used for reversing the permalloy segments from positive
saturation to negative saturation with respect to the current direction. The evolution of
the reversal signal of the magneto resistance can be seen in Figure 5.4 for angles 0o, 45o
and 90o for both longitudinal (RXX) and transverse (RXY) resistance measurements. The
field supplied thought he application of a 3-Axis (10 K) and a 2-Axis (295 K) vector
magnet, the field is rotated at zero field while the sample remains stationary. The
evolution of the longitudinal (RXX) resistance response (Figure 5.4, (a) – (c)) shows the
effect of the angle of the applied magnetic field sweeps. At θ = 45o, the overall parabolic
background is like that of a field sweep at 0o, but the reversal events behavior is inverted
in nature. The resistance decreases slightly as the field is increased from 0 G to the
reversal event at +/- 750 G and then increases sharply as the cascade of reversed
segments of the artificial spin ice array due to the nucleation and motion of domain walls.
Then if the field is further rotated to 90o we see that the parabolic background is still
apparent but the reversal event is not immediately evident at +/- 750 G and there is an
increased asymmetry between the negative to positive saturation (N-P) scan and the
positive to negative saturation (P-N). Looking at the longitudinal resistance (RXY) as the
field sweeps are done at 0o, 45o and 90o, we see a similar evolution of the
magnetoresistance signal with angle. At field applied at 0o, the overall parabolic
background is not evident in the shown reversal range of +/- 2 kG but the decrease and
sharp increase in resistance signal of the segment reversal is clear around +/- 750 G. At
45o field sweeps the parabolic background has returned and the sharp reversal event is
clear. The magnetoresistance signal decreases until it experiences a sharp resistance
increase from the reversal cascade. This reversal is at a higher applied field at +/- 1.10
kG. With the applied field rotated to 90o the parabolic background is again removed and
the reversal event is evident again at +/- 750 G.
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Figure 5.4 – Longitudinal and Transvers magnetoresistance signals at θ = 0o, 45o and 90o.
(a) –(c) Shows the evolution of the longitudinal magnetoresistance (RXX) as the applied
field is rotated. (d) – (f) Shows the evolution of the transvers magnetoresistance (RXY) as
the applied field is rotated. The variation of the applied field changed the angle between
the magnetization of the permalloy segments and the current direction affecting the
overall resistance of the sample.
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The background parabolic and reversal events of the magnetoresistance can also
be mapped to the vertex configurations when the applied magnet field is oriented at 90o
with respect to the current direction. These five different vertex geometries can be seen
in Figure 5.6. Examining the undistorted hexagonal lattice, we can see the vertices obey
the ice rules as the segments are reversed and increased field pulls the magnetization
away from the long axis of the permalloy segment. With the applied field along the +y
direction, θ = 90o, the artificial spin ice array at 10 K was observed to reverse via domain
wall nucleation and propagation at +/- 750 G. Above and below +/-750 G the applied
filed can pull the segment magnetization away from the long axis of permalloy segment
as the Zeeman force exceeds the anisotropy of the magnetic segment. At this saturation
configuration the current is then perpendicular to the magnetization in the horizontal
segments and the current then makes an angle of 60% with the magnetization in the
diagonal segments. With this saturation configuration in the hexagonal lattice the
diagonal segments will be the high current paths and the horizontal segments will be the
low current path due to Anisotropic Magnetoresistance (AMR) contribution. At zero
field the vertex coordination for all vertices is expected to be in configuration (2) of
Figure 5.5 and will represent a different resistance state for longitudinal and transverse
resistance. Vertex configuration (2) is a high resistance state for RXY(RX) and a low
resistance state for RXX(RX). The magnetoresistance signal of RXY was observed to
decrease until the reversal event of cascading segment reversals at +/- 750 G leaving most
of the vertices in the (3) and (4) configurations seen in Figure 5.5.

After this reversal

event the sharp increases in the resistance is the result of the nucleated domain wall of the
partially switched vertices returning all the vertices to the (2) configuration [13].
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Figure 5.5 – Vertex configurations of longitudinal and transvers magnetoresistance
signals with an external field applied at θ = 90o. (a) Transvers magnetoresistance signal
with both current and field applied in the +y direction. (b) Longitudinal
magnetoresistance with both current and applied field in the +y direction. The five vertex
coordinations are seen to evolve from the segments saturated in the -y direction (1), then
as the field is reversed the vertex develops a domain wall (2) and as the field is increased
in the opposite direction the vertex can assume one of the two domain wall configurations
in (3) and (4) and final as the sample saturates in the +x direction (5) [13].
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The discussion in this section of describes the two mechanisms that
methodologies that drive the reversal of the artificial spin ice array and how the reversal
events the magnetoresistance of the sample. The low and high field regimes of the
magnetic reversal is dominated by two different contributions to the magnetoresistance
signal. At low field ranges in the reversal regime the reversal seen in the
magnetoresistance is due to the nucleation and translation of domain walls through the
permalloy segments and vertices. In the high field regime, the Zeeman force is adequate
to pull the segment magnetization away from the log axis of the segment. In both
situations the result is dependent on the relative orientation between the segment
magnetization and the current direction within the sample. The applied magnetic field is
an experimental variable that is determined by the experiment. The orientation of the
magnetization inside the permalloy segment is Ising in nature at low field, but at high
field it can be rotated in the segment thought he use of the Zeeman force aligning it with
the external field. The introduction of a Fibonacci Distortion to the undistorted
hexagonal lattice introduces a break in the symmetry of the hexagonal artificial spin ice
that adds a variation in the orientation of the permalloy segments and the magnetization
withing those segments in an applied magnetic field. In the next sections we will
investigate in more detail the evolution of the magnetoresistance signal with the rotation
of the applied magnetic field for three distortions of the hexagonal artificial spin ice
array, L/S = 1.00, 1.30 and 1.62. At each distortion we rotate the field from 0o to 90o in
15o steps. Results from a triple axis LHe cooled vector magnet at 10 K are also compared
to room temperature measurements at 295 K on a 2-axis vector magnet.

5.2

In Plane Distortion Dependent Magnetoresistance at 10 K
In this section we discuss in the generation and evolution of the reversal events in

the magnetoresistance signal as the distortion ratio is increased in the pattern sample.
The reversal events are represented as abrupt changes, or peaks, in the magnetoresistance
signal with respect to changing field that are a result of the nucleation and motion of
domain walls through the artificial spin ice array. The motion of the domain wall through
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the permalloy segments is the mechanism that reverses the magnetic direction of the
segment magnetization at lower fields. This changing magnetization can then make a
new angle with the constant applied current direction and is the basis of the Anisotropic
Magnetoresistance (AMR) affect in the system. At higher field, the resistance change is
derived not from a reversal of the magnetoresistance in the permalloy segment, but rather
the rotation of the magnetization from the long axis of segment to align with the external
magnetic film. The introduction of the Fibonacci Distortion changes the length of the
permalloy segments and coordination of the vertices in the artificial spin ice array. This
distortion will in turn change the alignment of a subset of segments in the system with
respect to the applied magnetics field thus affecting the magnetoresistance signal. Here
we investigate the effect of increased distortions from the undistorted connected
hexagonal array at L/S = 1.00 to L/S = 1.30 and L/S = 1.62 at an applied field angle. The
field is rotated from θ = 0o to θ = 90o in 15o steps and both the longitudinal, RXX, and
transverse, RXY, magnetoresistance is measured for all three distortion ratios. All three
distortions ratio were measured in a 3-Axis vector magnet at 10 K.

5.2.1

Distortion Dependent Magnetoresistance at 10 K with θ = 0o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

array as the applied Fibonacci Distortion is increased, we see the effect of this distortion
on the generation and evolution of the reversal events in the artificial spin ice array at θ =
0o. We apply a DC current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 9.5 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 0o. At an applied field of θ = 0o in the undistorted hexagonal
ASI lattice (L/S = 1.00) we see a parabolic background and the standard expected single
reversal event beginning at +/- 747 G and ending at +/- 849 G where the MR signal
returns to the parabolic background at higher field values. Looking at the distortion of
L/S = 1.30 at the same applied field angle we again see the expected parabolic
background with a single reversal event. At L/S = 1.30 this reversal event is shifted to a
lower critical field, Hcr, with the beginning at +/- 604 G and ending at +/- 808 G.
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Comparing these results to the fully distorted L/S = 1.62 artificial spin ice array at θ = 0o,
we see the expected parabolic background, but the reversal event is split into two separate
reversal events. The first reversal event begins at +/- 747 G and ends at +/- 869 G. The
second reversal event begins at +/- 1.03 kG and ends at +/- 1.09 kG. We see that at θ =
0o, the introduction of the Fibonacci disorder initially shifts the reversal events to lower
applied field for the L/S = 1.30 and then the reversal event is shifted to the original
position but split into two reversal events at the full distortion of L/S = 1.62. This
evolution is shown in Figure 5.6, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 0o. We again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the effect of the MR signal as the applied field is swept from +/9.5 kG for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 0o. For
the undistorted hexagonal lattice, L/S = 1.00, the parabolic background is missing as is
expected for low angle applied fields with respect to the current direction. The single
reversal event is represented as a sharp inverted peak in the MR signal. The reversal
event begins at +/- 604 G and the magneto resistance signal drops abruptly with increased
field to the minimum at +/- 767 G and then sharply increases to return to the flat
background signal at +/- 848 G. At the distortion ration L/S = 1.30, the parabolic
background is again removed and the single inverted peak representing the reversal event
like the undistorted hexagonal lattice. The P-N and N-P scans of the L/S = 1.30 are
inverted with respect to each other. This was thought to be an artifact of an error in the
magnetic hysteresis of the sample at the time of study. The experiment was repeated with
a similar result leading to the belief that the positive or negative nature of the MR signal
is dependent on the direction of the field sweeps. The reversal event begins at lower
applied field values starting at +/- 584 G, reaches a minimum at +/- 645 G, and finishes at
+/- 880 G where it returns to the flat background signal. Finally looking at the fully
distorted hexagonal lattice with L/S = 1.62, we see the same absence of the parabolic
background expected and a single reversal event that differs from the previous two
distortions. At L/S = 1.62 the reversal event is still an inverted peak in the MR signal,
but the peak is not sharp, and it begins at higher applied fields. The reversal event of L/S
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= 1.62 begins at +/- 666 G and then the MR signal decreases with increased field reached
a plateau from +/- 808 G to +/- 1.01 kG. The MR signal then increases sharply with field
to the end of the reversal event at +/- 1.14 kG where it returns to the relatively flat
background signal. The introduction of the distortion signal initially shifts the reversal
event to smaller applied field values at L/S = 1.30, and then the fully distorted hexagonal
lattice shifts these reversal events to higher fields and changes the overall features of the
reversal event peak. These affects can be show in Figure 5.6, (d) – (f).
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Figure 5.6 – 10 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 9.5 kG field sweeps at θ = 0o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.2.2

Distortion Dependent Magnetoresistance at 10 K with θ = 15o
Examining the longitudinal magnetoresistance (RXX) of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the artificial spin ice
array at θ = 15o. We apply a current of 20 mA in the +x direction and measure the MR
signal as the applied field is swept from +/- 9.5 kG for each of the patterned distortion
ratios, L/S = 1.00, 1.30 and 1.62, at θ = 15o. At θ = 15o the undistorted hexagonal ASI
lattice shows the expected parabolic background and a single reversal event in the MR
signal. The reversal event begins at +/- 828 G and ends at +/- 930 G. For distortion L/S
= 1.30 the magnetoresistance signal again shows the exacted parabolic background and a
single reversal event. The event begins at +/- 645 G and ends at a field value of +/- 910
G. The reversal event of L/S = 1.30 sees a shift in the reversal to lover applied field
values. For the fully distorted hexagonal lattice we see not only the expected parabolic
background, but two distinct reversal events. The first reversal event starts at +/- 788 G
and ends at +/- 971 G. the second reversal event begins at +/- 1.34 kG and ends ta +/1.40 kG where it again returns to the expected parabolic background. The introduction of
the Fibonacci Distortion represents a shift in the reversal events to lower fields for the
L/S = 1.30 ratio and as two reversal events that end at higher applied field values. This
generation and evolution of the reversal events is demonstrated in Figure 5.7, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 15O we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 9.5 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 15o. At this
applied field, the undistorted hexagonal ASI lattice shows the expected parabolic
background with a single reversal event evident. The reversal event begins with a sharp
decrease in the magnetoresistance signal at an applied field of +/- 665 G and continues to
the minimum at +/- 828 G then increasing again with applied field to +/- 930 G where it
returns to following the parabolic background. At the distortion ratio of L/S = 1.30, we
again see the expected parabolic background and a single reversal event that begins with
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a sharp decrease in the MR signal at +/- 604 G to the minimum at +/- 828 G and then
increasing with applied field to +/- 930 G where it returns to following the parabolic
background. The fully distorted hexagonal ASI lattice shows the expected parabolic
background and two separate reversal events. The first reversal event begins with the
sharp decrease in the magnetoresistance at +/-645 G to the minimum at +/- 828 G and
then a increase with implied field to +/- 970 G. The MR signal follows the parabolic
background until the second reversal event beginning at +/-1.30 kG and ending at +/1.42 kG where it returns to following the parabolic background at higher fields. The
introduction of the Fibonacci Distortion at θ = 15o initially sifts the reversal events to
lower applied field values at L/S = 1.30. At the full distortion of L/S = 1.62 are shifted to
higher fields that the L/S = 1.30 and demonstrates a second separate reversal event at
higher fields. This demonstration of the effect of the distortion on the nature and field
values of can be seen in Figure 5.7, (d) – (f).
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Figure 5.7 – 10 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 9.5 kG T field sweeps at θ = 15o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.2.3

Distortion Dependent Magnetoresistance at 10 K with θ = 30o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events that represent the
nucleation and motion of domain walls at θ = 30o. We apply a DC current of 20 mA in
the +x direction and measure the MR signal as the applied field is swept from +/- 9.5 kG
for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 30o. At this
applied field angle the undistorted hexagonal ASI array demonstrates the expected
parabolic background with one distinct reversal event. The reversal event begins at +/1.30 kG and ends at +/- 1.40 kG where MR signal returns to the parabolic background.
Before the reversal event the MR leaves the parabolic background at +/- 828 G and
decreases linearly with increased field until the reversal event begins at +/- 1.30 kG. At
the distortion ratio of L/S = 1.30 the parabolic background is present, and the reversal
events is initiated at lower applied magnetic field values, starting at +/- 625 G and ending
at +/- 706 G. Finally evaluating the fully distorted hexagonal spin ice array with L/S =
1.62, the parabolic background is evident with two separate reversal events. The first
event begins at +/- 747 G and ending at +/- 808 G with the second beginning at +/- 1.40
kG and ends at an applied field of +/- 1.50 kG. Here we see that the introduction of the
Fibonacci Distortion changes the nature of the reversal event and shifts it to lower applied
field values at L/S = 1.30. At the full distortion L/S = 1.62 the reversal event is split into
two events and again shifted, this time to higher applied fields when compared to L/S =
1.30. These effects on the generation and nature of the reversal events in the MR can be
seen in Figure 5.8, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the
three patterned distortion at the same applied field angle of θ = 30o we again see an
evolution of the reversal events with applied distortion. We apply a DC current of 20 mA
in the +x direction and measure the MR signal as the applied field is swept from +/- 9.5
kG for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 30o. At
this applied field angle the undistorted hexagonal spin ice array shows the expected
parabolic background and a single reversal event at +/-1.30 kG and ending at +/- 1.40 kG.
98

Before the reversal event the L/S = 1.00 ratio shows a sharp decrease with increasing
field that decreases almost linearly from +/- 930 G to the beginning of the reversal event
at +/- 1.30 kG. At the distortion ratio of L/S = 1.30 the parabolic background is again
evident and the reversal event nature is shifted to a single abrupt decrease in field with
increasing field at +/- 625 G and ending at +/- 704 G where the MR signal returns to the
expected background at higher fields. At the fully distorted L/S = 1.62 spin ice array at
the applied field angle the reversal event is like the undistorted L/S = 1.00, but with the
reversal event shifted to higher applied field values beginning at +/- 1.40 kG and
finishing at +/- 1.50 G. Again we see the introduction of the Fibonacci Distortion
changes the nature of the reversal event and shifts the onset of the reversal event to lower
applied fields for L/S = 1.30 compared to the undistorted L/S = 1.00. The fully distorted
L/S = 1.62 spin ice array again shifts the reversal events to higher applied field values
than either the L/S = 1.00 or L/S = 1.30. This effect can be seen in Figure 5.8, (d) – (f).
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Figure 5.8 – 10 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 9.5 kG field sweeps at θ = 30o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.2.4

Distortion Dependent Magnetoresistance at 10 K with θ = 45o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin

ice (ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events that represent the
nucleation and motion of domain walls at θ = 45o. We apply a DC current of 20 mA in
the +x direction and measure the MR signal as the applied field is swept from +/- 9.5 kG
for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 45o. At that
applied field angle the undistorted hexagonal spin ice array shows the expected parabolic
background and a single reversal event. The nature of the reversal event is different in
that there is no sharp decrease in the MR, but instead a sharp increase with increasing
field to a peak superimposed on the parabolic background. The reversal event begins at
+/- 707 G and increases to a peak at the applied field +/- 869 G and then decreased to the
parabolic background at +/- 1.17 kG. For the distortion ratio L/S = 1.30 the reversal
event is similar in nature with the expected parabolic background signal. The reversal
event begins at +/- 625 G and reaches the maximum at +/- 747 G, returning to the
parabolic background at +/- 991 G. The fully distorted hexagonal spin ice array of L/S =
1.62 the nature of the reversal event is similar with a parabolic background and the
reversal event shifted to higher fields. The reversal event begins at +/- 725 G reaching a
maximum at +/- 849 G and returning to the parabolic background at +/- 1.33 kG. We see
that the introduction of the distortion shifts the reversal event of the L/S = 1.30 to lower
applied fields and the fully distorted hexagonal lattice with L/S = 1.62 shifts the reversal
event to higher applied fields. Interestingly, at θ = 45o, the undistorted and fully distorted
hexagonal lattice have virtually the same location for the applied field values. These
effects are demonstrated in Figure 5.9, (a) – (c).
Looking at the transverse magnetoresistance (MR), Rxy, response for the three
patterned distortion at the same applied field angle of θ = 45o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the effect of the MR as the applied field is swept from +/- 9.5 kG
for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 45o. The
undistorted hexagonal spin ice (ASI) array presents the expected parabolic background
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and a single reversal event beginning at +/- 1.13 kG ending at +/- 1.22 kG. The distortion
ratio of L/S = 1.30 shows a different nature to the reversal event and the expected
parabolic background. The MR signal decreases abruptly with increased applied field at
+/- 655 G and there is a diminished reversal event at +/- 899 G and ending at +/- 930 G
where the MR signal returns to follow the background. The fully distorted hexagonal
artificial spin ice with L/S = 1.62 a single reversal event with the expected parabolic
background. The magnetoresistance signal drops sharply with increased applied field at
+/- 723 G to the reversal event at +/- 1.17 kG ending at +/- 1.26 G. There is evidence of
a second reversal event at +/- 1.32 kG ending at +/- 1.34 kG but this event is within the
noise of the MR signal and not represented in both P-N and N-P scans of the applied
field. Again we see the effect of the distortion on the undistorted hexagonal artificial spin
ice reversal events to lower applied field values at L/S = 13.0 but the reversal events are
pushed to higher applied field values with the full L/S = 1.62 distortion compared to the
undistorted lattice. These effects are demonstrated in the MR scans shown in Figure 5.9,
(d) – (f).
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Figure 5.9 – 10 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 9.5 kG field sweeps at θ = 45o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.2.5

Distortion Dependent Magnetoresistance at 10 K with θ = 60o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events that represent the
nucleation and motion of domain walls at θ = 60o. We apply a DC current of 20 mA in
the +x direction and measure the MR signal as the applied field is swept from +/- 9.5 kG
for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 60o. The
undistorted hexagonal ASI array shows the predicted parabolic background with a
reversal event presented as a discontinuity in the MR signal. The reversal event begins at
+/- 788 G and finishes at an applied field value of +/- 828 G. The distortion ration of L/S
= 1.30 shows the expected parabolic background and a distinct reversal event beginning
at +/- 686 G and ending at +/- 767 G where the MR signal returns to the parabolic
background. The fully distorted hexagonal artificial spin ice array with L/S = 1.62
presents the expected parabolic background and no clearly definable reversal event in the
MR signal. There is a slight discontinuity in the magnetoresistance signal at +/- 849 G
but there is no discernable beginning or end to the reversal event. We see that the
introduction of the Fibonacci Distortion of the shifts the reversal event to lower applied
fields at L/S = 1.30 and the fully distorted hexagonal lattice at L/S = 1.62 shows no clear
reversal event, but the discontinuity of the magnetoresistance signal is shifted to a higher
applied field compared to the L/S = 1.30. The generation and evolution of this distortion
effect can be seen in Figure 5.10, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 60o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 9.5 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 60o. The
undistorted hexagonal lattice shows the expected parabolic background and a distinct
reversal event at +/- 849 G. The reversal event is characterized by a sharp decrease form
the parabolic background at +/- 767 G to the reversal event at +/- 849 G and finishes at
+/- 869 G where it returns to the parabolic background at higher fields. The distorted
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sample at L/S = 1.30 show the same parabolic background with a reversal event at +/767 G. The reversal event is characterized by a decrease in the MR at +/- 666 G to the
reversal event at +/- 767 G that ends at an applied field of +/- 808 G where it returns to
the parabolic background. The fully distorted hexagonal lattice, with distortion ratio L/S
= 1.62, again shows the expected parabolic with an reversal event at +/- 869 G The
reversal event begins with the same sharp decrease at +/- 767 G to the reversal event at
+/- 869 G, ending at +/- 910 G. The fully distorted sample shows a discontinuity at +/1.03 kG that is likely a small subset of single segment reversals instead of a larger subset
of flips. We see the effect of the distortion pushes the reversal event to lower applied
field values for the L/S = 1.30 sample compared to the undistorted hexagonal lattice. The
fully distorted hexagonal spin ice array at L/S = 1.62 shows the reversal event again
shifted to higher fields values compared to the L/S = 1.30 and the reversal event of the
L/S =1.00 as well. This evolution can be seen in Figure 5.10, (d) – (e).
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Figure 5.10 – 10 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 9.5 kG field sweeps at θ = 60o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.2.6

Distortion Dependent Magnetoresistance at 10 K with θ = 75o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin

ice (ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events that represent the
nucleation and motion of domain walls at θ = 75o. We apply a DC current of 20 mA in
the +x direction and measure the MR signal as the applied field is swept from +/- 9.5 kG
for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 75o. The
undistorted hexagonal artificial spin ice array shows the expected parabolic background
that is expected for the system with one single distinct reversal event at an applied field
of +/- 1.03 KG. The MR signal decreases sharply from the background signal at +/- 706
G to the beginning of the reversal event at +/- 1.03 kG and finishes at +/- 1.11 kG where
it returns to the MR background. The distorted hexagonal ASI lattice with L/S = 1.30
also shows the parabolic background expected and a single distinct reversal event with
evidence of a second at lower fields. The MR signal decreases form the background at
+/- 625 G to the reversal event at +/- 890 G and finishes at +/- 951 G. There is a second,
smaller fluctuation in the magnetoresistance signal at +/- 808 G to +/- 828 G that give the
impression of a second smaller reversal event, but the signal is within the noise levels of
the data. The fully distorted hexagonal lattice with L/S = 1.62 exhibits the expected MR
background signal but the nature of the reversal event differed from L/S = 1.00 and L/S =
1.30. The magnetoresistance signal decreases from +/- 727 G to +/- 849 G where it again
appears to follow the parabolic background until it reaches the reversal event at +/- 1.05
G and finishes at +/- 1.13 G. Here we see the effect the distortion has on the transvers
MR signal. The reversal event of the L/S = 1.30 patterned sample is shifted to a lower
applied field value then the undistorted L/S = 1.00 sample, and there is evidence of a
second reversal event. The fully distorted hexagonal lattice with L/S = 1.62 shows the
reversal event again shift to higher applied fields compared to the L/S = 1.00 and L/S =
1.30. The generation and evolution of the reversal events with respect to distortion can
be seen in Figure 5.11, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 75o, we again see an evolution
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of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 9.5 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 75o. The
undistorted hexagonal artificial spin ice (ASI) array shows a reduced parabolic
background and a different overall reversal event characterization than the previous
applied angles. The MR signal jumps sharply at the applied field +/- 340 G to +/- 360 G
and then follows the reduced parabolic background until the reversal event that starts at
+/- 686 G, peaks at +/- 910 G, and then returns to the parabolic background at +/- 1.09 G.
The distorted hexagonal ASI lattice of L/S = 1.30 shows the same reduced parabolic
background and jump at +/- 340 G to +/- 360 G and then follows the background to the
reversal peak. The reversal event starts at +/- 625 G, peaks at +/- 747 G, and returns to
the MR background signal at +/- 1.05 kG. The fully distorted hexagonal ASI array with
L/S = 1.62 presents the expected reduced parabolic background and peak reversal event,
but the jump at +/-340 G is absent. The reversal event begins at +/- 727 G applied field,
peaks at +/- 828 G, and returns to the MR background signal at +/- 1.11 kG. We see the
effect on the generation and evolution of these reversal events on the transverse MR
signal with respect to the distortion ratio L/S. We see that the distortion of L/S = 1.30
shifts the reversal event peak to lower applied field values compared to the undistorted
L/S = 1.00. The fully distorted hexagonal ASI array exhibits a reversal beak that is
shifted to a higher field compared to the L/S = 1.30, but still lower than the undistorted
sample. These events and evolutions can be seen in Figure 5.11, (d) – (f).
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Figure 5.11 – 10 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 9.5 kG field sweeps at θ = 75o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.2.7

Distortion Dependent Magnetoresistance at 10 K with θ = 90o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events that represent the
nucleation and motion of domain walls at θ = 90o. We apply a DC current of 20 mA in
the +x direction and measure the MR signal as the applied field is swept from +/- 9.5 kG
for each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 90o. The
undistorted hexagonal artificial spin ice array shows the expected MR background signal
but shows no distinct reversal event. This is result stems from the domain wall location
at saturation is in the center of the segments and then grows slowly outward toward the
vertices. This slow domain wall motions do not give the same sharp reversal signal as a
domain wall passing through the segment. The MR signal drops sharply at +/- 686 G and
returns to the background signal. The distorted hexagonal sample of L/S = 1.30 again
demonstrates the parabolic background and no observable reversal events.

The reversal

event sees the MR drop sharply at +/- 544 G and then returns to the background signal.
The fully distorted hexagonal spin ice array shows the expected parabolic background
and a distinct reversal event in the MR signal. The reversal event begins at the applied
field value +/- 1.07 kG and ends at +/- 1.11 kG. The introduction of the Fibonacci
Distortion again affects the nature of the longitudinal MR of the hexagonal lattice
systems. The L/S = 1.30 distortion shows a sharp decrease in the MR with increased
field at lower applied field values than the undistorted L/S = 1.00 sample. The fully
distorted hexagonal artificial spin ice array with distortion ratio L/S = 1.62 shows this
abrupt decrease is again shifted to a higher applied field value compared to the L/S = 1.30
and introduced a clearly observable reversal event at +/- 1.07 kG. The effect of the
distortion on the nature and evolution of these reversal events is seen in Figure 5.24, (a) –
(c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 90o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 9.5 kG for
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each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 90o. The
undistorted hexagonal artificial spin ice (ASI) array shows no parabolic background,
which is an expected result at this applied field angle and a clear reversal event at +/- 665
G. The MR signal increases sharply from the flat background signal at +/- 665 G applied
field to +/- 808 G. At fields higher than +/- 808 G the signal slowly returns to the flat
MR background signal. The distorted hexagonal lattice with distortion ration L/S = 1.30
exhibits the same flat background signal with a magnetic reversal event peak starting at
+/- 503 G and ending at an applied field +/- 625 G. After the field magnitude of +/- 625
G the MR signal decreases slowly to the flat background signal. The asymmetry in the PN and N-P magnetoresistance scans is likely do to an anomaly in the magnetic history of
the sample. Finally, the fully distorted hexagonal ASI array shows the same flat
background signal expected for this applied field angle and a sharp reversal event at +/666 G. The reversal event begins at +/- 666 G and ends at the applied field value of +/869 G, after which it returns to the flack background signal. The effect of the Fibonacci
Distortion on the hexagonal spin ice array shows the reversal peak of L/S = 1.30 shifted
to lower applied field values than the undistorted L/S = 1.00. The fully distorted sample
with L/S = 1.62 shows the reversal peak shifted to higher applied field values than both
the L/S = 1.00 and L/S = 1.30 samples at +/- 869 G. The evolution of the reversal events
can be seen in Figure 5.24, (d) – (f).
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Figure 5.12 – 10 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 9.5 kG field sweeps at θ = 90o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.3

In Plane Distortion Dependent Magnetoresistance at 295 K
In this section we discuss in the generation and evolution of the reversal events in

the magnetoresistance signal as the distortion ratio is increased in the pattern sample in
the 2-Axis magnet at 295 K. This system is a tabletop room temperature water cooled
magnet with a range of +/- 2.0 kG. This system demonstrates some asymmetry and
magnetic response issues that will be discussed later. As with the low temperature data,
reversal events are represented as abrupt changes, or peaks, in the magnetoresistance
(MR) signal with respect to changing field that are a result of the nucleation and motion
of domain walls through the artificial spin ice array. The motion of the domain wall
through the permalloy segments is the mechanism that reverses the magnetic direction of
the segment magnetization at lower fields. This changing magnetization can then make a
new angle with the constant applied current direction and is the basis of the Anisotropic
Magnetoresistance (AMR) affect in the system. At higher field, the resistance change is
derived not from a reversal of the magnetoresistance in the permalloy segment, but rather
the rotation of the magnetization from the long axis of segment to align with the external
magnetic film. The introduction of the Fibonacci Distortion changes the length of the
permalloy segments and coordination of the vertices in the artificial spin ice array. This
distortion will then in turn change the alignment of a subset of segments in the system
with respect to the applied magnetics field thus affecting the magnetoresistance signal.
Here we investigate the effect of increased distortions from the undistorted connected
hexagonal array at L/S = 1.00 to L/S = 1.30 and L/S = 1.62 at an applied field angle. The
field is rotated from θ = 0o to θ = 90o in 15o steps and both the longitudinal, RXX, and
transverse, RXY, magnetoresistance is measured for all three distortion ratios. All three
distortions ratio were measured in a 2-Axis magnet at 295 K.

5.3.1

Distortion Dependent Magnetoresistance at 295 K with θ = 0o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the MR signal at θ =
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0o. We apply a DC current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 2.0 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 0o. At this applied field angle the undistorted hexagonal ASI
array we see the expected parabolic background expected for anisotropic
magnetoresistance systems (AMR) and a single distinct reversal event. The reversal
event begins at +/- 544 G and ends at an applied field value of +/- 611 G. The distorted
ASI with distortion ratio L/S = 1.30 shows the parabolic background and a single reversal
event that begin at an applied field value of +/- 536 G and ending at +/- 677 G. Finally,
the completely distorted hexagonal ASI array with distortion L/S = 1.62 shows the same
expected parabolic background and a single distinct reversal event beginning at +/- 495 G
and ending at a field value of +/- 717 G. We see that at this temperature and applied field
angle the introduction of the Fibonacci Distortion shifts the beginning of the reversal
events to lower applied fields and the end of the reversal events to higher field values in
the +/- 2.0 kG sweeps. This effectively represents an increase in the field range that
domain walls (DW) are nucleated and travel through the segments and vertices. The
evolution of these effects of the applied distortion can be seen in Figure 5.13, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 0o we again see an evolution of
the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 2.0 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 0o. The
undistorted hexagonal ASI shows an absence of the parabolic background for transverse
MR as expected for this applied filed angle and one distinct reversal event representing a
sharp peak in the MR signal. The reversal event begins at +/- 391 G, peaking at +/- 553
G, and ending at +/- 640 G where the MR signal returns to the background signal. The
distorted hexagonal ASI of L/S = 1.30 shows a similar lack of a parabolic background
and a single distinct reversal event beginning at +/- 333 G, peaking at +/- 573 G, and
ending at +/- 667 G when the MR signal returns to the background. We see that the
beginning of the reversal event window is shifted to lower fields for the L/S = 1.30
sample with respect to the undistorted hexagonal ASI. The fully distorted L/S = 1.62
hexagonal ASI sample the beginning is again shifted to higher applied field with respect
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to the L/S = 1.00 and L/S = 1.30. The peak value is consistence between L/S = 1.00 and
L/S = 1.30 but is shifted to higher fields for the L/S = 1.62 sample. The end of the
reversal window is also shifted to higher applied field values compared to the undistorted
hexagonal ASI, with the L/S = 1.30 shifted to the highest field value. The evolution can
be observed in Figure 5.13, (d) – (f).
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Figure 5.13 – 295 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 2.0 kG field sweeps at θ = 0o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.3.2

Distortion Dependent Magnetoresistance at 295 K with θ = 15o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the MR signal at θ =
15o. We apply a DC current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 2.0 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 15o. The undistorted hexagonal ASI array shows the expected
parabolic background and a single reversal event beginning at +/- 664 G and ends at the
applied field value of +/- 726 G. The distorted hexagonal ASI with L/S = 1.30 shows the
expected parabolic background and a single reversal event starting at +/- 520 G and
ending at a field value of +/- 672 G. The fully distorted hexagonal ASI array with L/S =
1.62 again shows the expected parabolic background for this applied field angle but two
distinct reversal events. The first reversal event begins at +/ 685 G and ending at the
applied field of +/- 769 G. The second begins at +/- 1.17 kG and ends at +/- 1.24 kG.
There we see the reversal events that represent the nucleation and translation of domain
walls are shifted to lower applied field values for the L/S = 1.30 sample when compared
to the undistorted L/S = 1.00 sample. The fully distorted hexagonal ASI with L/S = 1.62
shows the reversal events shifted to a higher applied field value than both the L/S = 1.00
and L/S = 1.30 systems and exhibits a second reversal event at higher field in the
longitudinal MR signal. The evolution of these reversal events with respect to the
applied distortion can be seen in Figure 5.14, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 15o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 2.0 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 15o. The
undistorted hexagonal ASI array has the expected parabolic background and a single
reversal event in the MR signal. The reversal event begins at +/- 660 G and ends at the
applied field of +/- 768 G where it returns to the background MR signal. The distorted
hexagonal ASI with distortion ratio of L/S = 1.30 again shows the expected parabolic
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background and a single reversal event beginning at +/- 586 G and ending at +/- 797 G
where the MR signal returns to the background. Finally, the fully distorted hexagonal
ASI with distortion ratio of L/S = 1.62 shows the expected parabolic background and two
distinct reversal events. The first reversal event begins at +/- 681 G and ends at +/- 772
G, where the second reversal event begins at +/- 1.15 kG and ends at the applied field of
+/- 125 kG where it returns to the MR background signal. We see that at θ = 15o the
introduction of the Fibonacci Distortion causes the shift of reversal events in the transvers
MR signal to lower filed in the L/S = 1.30 compared to the undistorted sample. The fully
distorted hexagonal ASI array with L/S = 1.62 see a shift of the reversal events to higher
applied fields than either the L/S = 1.00 or L/S = 1.30 arrays and exhibits a second
reversal event at higher fields. The nucleation and evolution of these events with respect
to the applied distortion can be seen in Figure 5.14, (d) – (f).
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Figure 5.14 – 295 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 2.0 kG field sweeps at θ = 15o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.

119

5.3.3

Distortion Dependent Magnetoresistance at 295 K with θ = 30o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the MR signal at θ =
30o. We apply DC a current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 2.0 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 30o. The undistorted hexagonal ASI array shows the expected
parabolic background and a single distinct reversal event at +/- 1.19 kG and ending at an
applied field value of +/- 1.30 kG. The distorted hexagonal ASI array with L/S = 1.30
also shows the expected parabolic background and two separate reversal events in the
MR signal. The first reversal event occurs at +/- 577 G and ends at +/- 635 G, while the
second reversal event begins at +/- 896 G and ends at the applied field value +/- 1.01 kG
where it returns to the MR back ground signal. The fully distorted hexagonal ASI lattice
showed the expected parabolic background but no evident reversal events. There are two
small discontinuities in the MR signal at +/- 573 G and +/- 1.33 kG, but neither are
consistent with the reversal event that represents the nucleation and motion of domain
walls seen in the simulated magnetic reversal. The effect of the distortion on the
longitudinal MR signal is to shift the reversal events of the L/S = 1.30 to lower applied
fields than the L/S = 1.00 sample and demonstrates a second reversal event. The fully
distorted L/S = 1.62 shows now observable reversal events at this distortion and applied
filed angle of θ = 30o. This effect of distortion on the reversal events at this applied field
angle can be seen in Figure 5.27, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 30o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 2.0 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 30o. The
undistorted hexagonal ASI array showed the expected parabolic background and a single
reversal event that begins at the applied field value of +/- 1.22 kG and ends at +/- 1.31
kG. The distorted hexagonal ASI array of L/S = 1.30 shows the parabolic background
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and two distinct reversal events. The first reversal event begins at applied filed value of
+/- 429 G and ending at +/- 627 G and the second begins at +/- 689 G and ends at +/- 909
G where it returns to the MR background signal. The fully distorted hexagonal ASI
lattice shows the expected background and a single reversal event at +/- 962 G ending at
an applied field at +/- 979 G. The introduction of the Fibonacci Distortion shifts the
reversal events in the distorted L/S = 1.30 sample to lower applied fields compared to the
undistorted L/S = 1.00 sample. The fully distorted hexagonal ASI array with L/S = 1.62
shows the reversal event is again shifted to higher applied field than both the L/S = 1.00
and L/S = 1.30 samples. This effect is demonstrated in Figure 5.15, (d) – (f).
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Figure 5.15 – 295K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 2.0 kG field sweeps at θ = 30o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.3.4

Distortion Dependent Magnetoresistance at 295 K with θ = 45o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the MR signal at θ =
45o. We apply a DC current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 2.0 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 45o. The undistorted hexagonal ASI array shows the expected
parabolic background and a single observable reversal event beginning at +/- 437 G and
ending at an applied field value of +/- 544 G. The distorted hexagonal ASI array with
L/S = 1.30 we see the expected parabolic background with a single reversal event at +/453 G and ending at +/- 520 G. Finally, the fully distorted hexagonal ASI with L/S =
1.62 exhibits the expected parabolic background and two observable reversal events. The
first reversal event begins at +/- 466 G and ends at an applied field of +/- 482 G, while
the second reversal event begins at +/- 846 G and ends at +/- 913 G when it returns to the
MR background signal. Here we see that at θ = 45o the applied Fibonacci Distortion
effects the MR signal by shifting the reversal events to slightly higher applied fields in
the L/S = 1.30 and L/S = 1.62 samples compared to the L/S = 1.00 and the L/S = 1.62
sample showed a second reversal event at higher fields. These effects can be seen in to
evolve in Figure 5.16, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 45o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 2.0 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 45o. The
undistorted hexagonal ASI array shows the expected parabolic background and one
observable reversal event beginning at +/- 739 G, ending at an applied filed of +/- 79.3 G
where it returns to the MR background. The distorted hexagonal ASI array with L/S =
1.30 again shows the parabolic background and one reversal event beginning at +/- 1.04
kG and ending at +/- 1.10 kG. The fully distorted hexagonal ASI with L/S = 1.62 shows
the parabolic background and a single reversal event beginning at +/- 768 G and ending
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at an applied field +/- 896 G. Here we see that at θ = 45o the Fibonacci Distortion effects
the magnetic reversal of the system by shifting the L/S = 1.30 reversal event to higher
applied field compared to the L/S = 1.00. The fully distorted hexagonal ASI with L/S =
1.62 sees a shift of the reversal event to lover fields than the L/S = 1.30 and but a higher
applied field than the undistorted L/S = 1.00. This effect can be illustrated in the Figure
5.16, (d) – (f).
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Figure 5.16 – 295 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 2.0 kG field sweeps at θ = 45o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.3.5

Distortion Dependent Magnetoresistance at 295 K with θ = 60o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the MR signal at θ =
60o. We apply a DC current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 2.0 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 60o. The undistorted hexagonal ASI array shows the expected
parabolic background and a single noticeable reversal event at +/- 503 G and ending at
and applied field of +/- 515 G. The distorted hexagonal ASI array with L/S = 1.30 the
MR signal shows the expected parabolic background and a single reversal event
beginning at +/- 457 G and ends at the applied field of +/- 486 G where it returns to the
MR background signal. The fully distorted hexagonal ASI sample with L/S = 1.62 shows
the parabolic background and no observable reversal events that can be delineated form
the noise floor of the MR signal. The simulated magnetic reversal shows evidence of
DW motion, but the reversal event is likely below the noise threshold. We see that the
introduction of the Fib-Hex Distortion shifts the reversal event of the L/S = 1.30 sample
to a lower Hcr applied field than the undistorted L/S = 1.00 sample. The fully distorted
L/S = 1.62 the shows no observable reversal events to compare to the undistorted and L/S
= 1.30 distorted sample. The progression of the effect of the distortion on the
longitudinal MR response can be seen in Figure 5.17, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 60o we again see an evolution
of the reversal events with applied distortion. We apply a current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 2.0 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 60o. The
undistorted hexagonal ASI array shows the expected parabolic background and a single
observable reversal event that begins at +/- 524 G and ends at an applied field of +/- 596
G. The distorted hexagonal ASI array with L/S = 1.30 exhibits the same parabolic
background and two distinct reversal events. The first reversal event begins at +/- 635 G
and ends at +/- 689 G with the second event occurring the applied field of +/- 726 G and
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ending at +/- 776 G. Finally, the fully distorted hexagonal ASI array shows the same
parabolic background and shows no observable reversal events that show up above the
noise threshold. So again, we see that the introduction of the distortion to the hexagonal
ASI array at θ = 60o alters the nature and locations of the reversal events in the transvers
MR signal. The distorted hexagonal ASI array with L/S = 1.30 shifts the reversal events
to higher applied field values and introduces a second reversal event. The fully distorted
hexagonal ASI shows no observable reversal events differing from the L/S = 1.00 and
L/S = 1.30 sample. The evolution of the effect of the distortion on the transvers MR
signal can be observed in Figure 5.17, (d) – (f).
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Figure 5.17 – 295 K Longitudinal (Rxx) and Transverse (Rxy) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 2.0 kG field sweeps at θ = 60o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.3.6

Distortion Dependent Magnetoresistance at 295 K with θ = 75o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the MR signal at θ =
75o. We apply a DC current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 2.0 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 75o. The undistorted hexagonal ASI array shows the expected
parabolic background and a single reversal event that begins at +/- 631 G and ends at the
applied field value of +/- 689 G where it returns to the MR background signal. The
distorted hexagonal ASI array with a distortion ratio of L/S = 1.30 exhibits the same
expected parabolic background with a single definitive reversal event that begins at +/549 G and end at the applied field value of +/- 594 G. The fully distorted hexagonal ASI
array with distortion ratio of L/S = 1.62 shows the same expected background with a
single reversal event beginning at +/- 639 G and ends at +/- 697 G. Here we see again
that the Fibonacci Distortion affects the magnetic reversal of the distorted hexagonal ASI
system compared to the undistorted lattice. The distorted hexagonal ASI array with L/S
= 1.30 shifts the reversal events to lower applied fields compared to the L/S = 1.00 and
L/S = 1.62 arrays. The L/S = 1.62 hexagonal ASI array shows a small shift from the
undistorted L/S = 1.00 to higher fields for the reversal event at that distortion. The
results of this distortion at the applied field of θ = 75o can be seen in Figure 5.18, (a) –
(c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 60o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 2.0 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 75o. The
undistorted hexagonal ASI array shows a reduced parabolic background and a single
large peak superimposed on the background that is the reversal event. The reversal event
begins at +/- 408 G, peaks at +/- 495 G, and then returns to the MR background at +/- 689
G. The distorted hexagonal ASI array with L/S = 1.30 shows the expected parabolic
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background and a single reversal event that begins at +/- 429 G, peaks at +/- 482 G and
end at the applied field value of +/- 672 G. The fully distorted hexagonal ASI array with
a distortion ration L/S = 1.62 shows the parabolic background and a single reversal event.
The reversal event is different in nature than the L/S =1.00 and L/S = 1.30 patterns
beginning at +/- 743 G and ends at +/- 983 G. Again, we see the effect of the distortion
on the transvers MR signal at this applied field angle of θ = 75o. The application of the
distortion shifts the reversal peak to lower field values compared to the L/S = 1.00. The
fully distorted L/S = 1.62 shifts the reversal event to higher fields and has a completely
different nature of the reversal signal when compared to the L/S = 1.00 and L/S = 1.30
samples. The evolution and comparison of the MR signal based on the distortion can be
seen in 5.18, (d) – (f).
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Figure 5.18 – 295 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 2.0 kG field sweeps at θ = 75o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.3.7

Distortion Dependent Magnetoresistance at 295 K with θ = 90o
Examining the longitudinal magnetoresistance (MR), RXX, of the artificial spin ice

(ASI) array as the applied Fibonacci Distortion is increased, we see the effect of this
distortion on the generation and evolution of the reversal events in the MR signal at θ =
90o. We apply a DC current of 20 mA in the +x direction and measure the MR signal as
the applied field is swept from +/- 2.0 kG for each of the patterned distortion ratios, L/S =
1.00, 1.30 and 1.62, at θ = 90o. The undistorted hexagonal ASI lattice shows the
expected parabolic background and a single reversal event that begins at +/- 1.07 kG
ending at the applied field value of +/- 1.13 kG. The distorted hexagonal ASI array with
the distortion ration of L/S = 1.30 again shows the expected parabolic background and
two observable reversal events. The first reversable event begins at +/- 784 G and ends at
+/- 830 G. The second reversal event begins at +/- 1.09 G and ends at the applied field of
+/- 1.12 kG. The fully distorted hexagonal ASI array shows the expected parabolic
background and a single reversal event that begins at an applied field of +/- 697 G and
ends at +/- 735 G. There is a discontinuity in the P-N and N-P scans that show evidence
of domain wall motion. Here we can see the effect of the Fibonacci Distortion on the
longitudinal MR signal. The distorted hexagonal ASI lattice with L/S = 1.30 shows a
shift of the reversal events to lover field values compared to the undistorted L/S = 1.00
ASI array and the L/S = 1.30 distortion presented a second observable reversal event.
The fully distorted hexagonal ASI array with L/S = 1.62 shows the reversal event is
shifted to a lower applied field than either the L/S = 1.00 and L/S = 1.30. The evolution
of these reversal events with respect to the applied distortion at θ = 90o can be observed
in Figure 5.19, (a) – (c).
Looking at the transverse magnetoresistance (MR), RXY, response for the three
patterned distortion at the same applied field angle of θ = 90o we again see an evolution
of the reversal events with applied distortion. We apply a DC current of 20 mA in the +x
direction and measure the MR signal as the applied field is swept from +/- 2.0 kG for
each of the patterned distortion ratios, L/S = 1.00, 1.30 and 1.62, at θ = 90o. Comparing
the evolution of the reversal signal for each of the three distortions we see a shift in the
applied field at which the reversal events occur, but the overall character of the reversal
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event evolves with distortion as well. The undistorted hexagonal ASI array with L/S =
1.00 shows the inversion of the parabolic background and a single reversal peak in both
the N-P and P-N scans. The background decreases with increased field to the beginning
of the reversal peak at +/- 412 G. The reversal signal peaks at +/- 507 G and then
decreases linearly to +/- 1.04 G where it drops sharply to the background at +/- 1.13 kG.
The distorted hexagonal ASI lattice with L/S = 1.30 shows a relatively flat background
and a single reversal peak. The reversal begins at +/- 437 G and increases to the peak at
+/- 553 G, then decreases to +/- 1.05 kG before dropping abruptly to the background at
+/- 1.11 kG. The fully distorted hexagonal ASI array with L/S = 1.62 shows the same
relatively flat background and a single reversal event, but with a second shoulder
reversal. The reveal event begins at an applied field +/- 445 G and peaks at +/- 565 G.
The MR signal then decreases to a minimum and then experiences as second “shoulder”
reversal event from +/- 966 G and ending at +/- 1.05 kG and then finally decreasing to
the MR background at +/- 1.22 kG. Looking at these three scans for the three distortions
we can see the effect of the distortion on the nature of the reversal events. All three
samples begin the reversal event at the same approximate applied field and peak at the
same approximate fields, but the L/S = 1.30 distortion ends at a lower applied field than
the undistorted ASI array. The fully distorted hexagonal ASI array with L/S = 1.62
exhibits evidence of a second reversal event in the signal and the duration of the reversal
ends at a higher applied field value than either the L/S = 1.00 and L/S = 1.62. This
evolution of the reversal event as the distortion is increased is shown in Figure 5.19, (d) –
(f).
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Figure 5.19 – 295 K Longitudinal (RXX) and Transverse (RXY) magnetoresistance for
distortion ratios L/S = 1.00, 1.30 and 1.62. in +/- 2.0 kG field sweeps at θ = 90o. The
introduction of the distortion changes the nature and location of the reversal events that
are present as discontinuities in the magnetoresistance signal and represent nucleation
and transport of domain walls through the permalloy bars and vertices.
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5.4
5.4.1

Discussion
Resistivity Comparison
The saturated longitudinal resistivity, ρ‖, can be extracted from the resistance data

and calculated for the undistorted hexagonal ASI lattice using Equation 5.1. Using the
Rsat from the data and the dimensions of the undistorted hexagonal ASI lattice segments
of l = 500 nm, w = 119 nm and t = 25 nm, we get ρ‖ ~ 48.03 µΩ-cm. This value is in
good agreement with bulk permalloy resistivity reported as ρ ~ 20 – 40 µΩ-cm in Bogart
et al. [54]. The difference of ~8 µΩ-cm can be attributed to the experiment taking the
entire system of horizontal and 60o segments are measured together as a unit. This
calculation is easily done with the undistorted hexagonal ASI lattice as the segment
lengths uniform and the current paths can easily be identified. This is not as simple with
the distorted L/S = 1.30 and L/S = 1.62 hexagonal lattices. As discussed before in
Chapter 4 these lattices have altered segment lengths and coordination due to the new
placement of the vertices through the Fi-Hex distortion. It is therefore difficult gauge
without a much more involved simulation as to what segment lengths the current path
“sees” through the distorted L/S = 1.30 and L/S 1.62 systems of segment and vertices.
We can make an estimate of this by using the Rsat for the undistorted to calculate the
segment length, L’, that the current path sees. Using Equation 5.1 again we see that
L’(1.30) = 402.64 nm and L’1.62) = 538.08 nm as the effective segment length the
current path sees for the longitudinal saturated state of the system. This estimate makes
sense when considering that the tendency for the magnetic reversal of the system is for
lower Hcr values for L/S = 1.30 when compared to the L/S = 1.00 and L/S = 1.62 systems.

5.4.2

Longitudinal Magnetic reversal at 10 K
The low temperature longitudinal magnetoresistance (MR), RXX, showed a

consistent response to the implementation of the Fib-Hex Distortion at L/S = 1.30 and
L/S = 1.62 when compared to the undistorted L/S = 1.00 hexagonal ASI lattice by driving
the critical reversal field, Hcr, to lower applied external fields. At each angle of the

135

applied external field, θ = 0o – 90o in 15o steps, the Hcr of the reversal event was lower at
L/S = 1.30 than the undistorted L/S = 1.00. The reversal Hcr of the fully distorted L/S =
1.62 is then raised to higher fields than the L/S =1.30. For some angles, the Hcr of L/S =
1.62 was raised to higher field than even the undistorted L/S = 1.00 reversal field for MR
signal with observable reversal event. The percent difference between the Hcr of the
undistorted L/S = 1.00 lattice and the L/S = 1.30 distorted lattice ranged from 12% at θ =
45o and 69% at θ = 30o with the average Hcr being 28.6% lower for the distorted lattice
versus the undistorted lattice. The differences in Hcr between the L/S = 1.30 and L/S =
1.62 range between 15% at θ = 75o and 21% at θ = 0o with the average being 18.5%
higher for the fully distorted lattice when compared to the L/S = 1.30 lattice. These
differences refer to the MR scans with observable reversal events in the MR signal.
There are some MR scans that show no observable reversal peaks that are evidence of the
segment reversals of the ASI lattice under an external field sweep. Notably, at 10 K, the
L/S = 1.62 longitudinal, RXX, scan shows no sharp reversal peaks. Examining the
simulated magnetic reversal for the L/S = 1.62 sample generated by OOMMF we see that
the domain walls (DW) begin when saturated at the center of the permalloy segments and
the domain grows as the DW slowly move to the vertices and then the field continues to
increase the permalloy segments see a reversal event that should present as peaks in the
MR signal. This is likely due to the Fib-Hex Distortion at this angle suppressing the
magnitude of the reversal event in the MR signal. The reversal events can be seen in the
simulated reversals, but do not present in the P-N and N-P magnetization sweeps.
Along with depression of the Hcr for the L/S = 1.30 distorted lattice, we observe a
second reversal event in the L/S = 1.62 distorted lattice at a higher Hcr for angles 0o and
30o. The second reversal event is smaller in nature that the initial reversal and shows the
nonstochastic nature of the reversal in aperiodic lattices that has been studied previously
by Bhat et al [60]. In frustrated aperiodic quasicrystal lattices the reversal behavior was
found to shift from the reversal of single segments and connected segments in periodic
lattices to the reversal of large subsets of segments in “chunks” reversing in a uniform
manner. This behavior seen in the Penrose P2T quasicrystal studied by Bhat et al. is
described as the reversal behavior evolving from nonstochastic reversal to a more
stochastic reversal behavior. This is again present in the simulated reversal of the L/S =
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1.30 and L/S = 1.62 Fib-Hex Distortions when compared to the undistorted hexagonal
lattice.

5.4.3

Transverse Magnetic reversal at 10 K
The transverse magnetoresistance (MR), RXY, of the distorted lattice shows a

similar suppression of the Hcr reversal field when compared to the undistorted hexagonal
ASI lattice. The L/S = 1.30 Hcr field tents to be lower than the undistorted L/S = 1.00
lattice for applied angles between θ = 0o – 90o. The percent difference between the initial
reversal event external field, Hcr, between the L/S = 1.30 and the undistorted L/S = 1.00
ranges from 0% for θ = 30o where there was not evident difference to 92% at θ = 90o with
the average change in the difference in Hcr being a 36.7%. The difference in the initial
Hcr of the L/S = 1.30 and L/S = 1.62 again sees an increase in the Hcr of the fully distorted
lattice when compared to the L/S = 1.30 lattice. For some angles, the fully distorted L/S
= 1.62 initial reversal field was increased to and above the Hcr of the undistorted L/S =

1.00 lattice. The percent differences ranged from 6% at θ = 15o to 81% at θ = 90o
with the average percent increase from the L/S = 1.30 distorted lattice to the L/S =
1.62 being 32.1%. In addition to the suppression of the initial reversal event field,
the Fib-Hex Distortion changes the overall nature of many of the reversal events at
the same applied field angle. For example, at θ = 15o, the transverse MR signal for
L/S = 1.62 sees a second reversal event. The second event shows the difference in
the reversal behaviors between the periodic and aperiodic lattices. The
nonstochastic behavior of aperiodic lattices is represented in the MR signal as the
segments, reverse in two different subsets of reversed segments. The overall
background of the transverse MR signal is well explained by the application of the
Planar Hall effect (PHE) discussed in Chapter 2. The effect is dominated by a
sin 2𝜃 term that presents in the parabolic background of the MR signal. This PHE
parabolic background is missing at θ = 0o and 90o angles and maximum in the MR
signals measured at θ = 45o.
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The one anomaly of the transverse magnetoresistance is the reversal
behavior of the L/S = 1.30 and the asymmetry that is seen in the reversal behavior
at angles θ = 0o and θ = 90o. The reversal behavior of all distortions for all angles
are symmetric with respect to the P-N and N-P scans. The reversal events occur at
approximately the same Hcr values for the P-N and N-P scans. The nature of the
reversal events is largely symmetric as well for all applied field angles that follows
the evolution of the reversal events with angle as reported by Zhao et al. [84]. But
for the angle of 0o and 90o the reversal of the transverse MR is asymmetric with PN and N-P scans. Instead of both scans showing a positive (or negative) reversal
peak, the P-N shows a positive peak where the N-P scan shows a negative peak at
θ = 0o. The same asymmetry is seen in the P-N and N-P scans at θ = 90o. This
behavior has been reported in Le et al [02] where they observe that the reversal
events are extremely sensitive to small deviations away from the applied field
angles of θ = 0o and θ = 90o. As much as a 0.2o deviation from those angles was
shown drastically affect the reversal directions or the MR signal. Clearly the L/S
= 1.30 distortion is also especially sensitive to this affect. The experiment was
repeated to confirm this asymmetry with the same result.

5.4.4

Longitudinal Magnetic reversal at 295 K
The room temperature longitudinal magnetoresistance (MR), RXX, data taken on

the tabletop 2-Axis system exhibits many of the same trends as the low temperature data,
with the addition of experimental asymmetries in the MR signal. The longitudinal MR
signal shows the previously discussed tend on the initial reversal events to occur at lower
Hcr fields for the distorted L/S = 1.30 with when compared to the undistorted L/S = 1.00.
The critical field that the reversal event occurs for L/S = 1.30 is lower than the L/S = 1.00
by a percent difference ranging from a 3.9% change in θ = 0o to a decrease of 31%% at

θ = 90o with the average change being a decrease of 15% in Hcr. One angle, θ =
45o, shows an increase in the Hcr from 437 G to 457 G. The difference between
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the Hcr of the L/S = 1.30 distortion and the fully distorted L/S = 1.62 is mixed with
some applied field angles seeing an increase in the Hcr from L/S = 1.30 to L/S =
1.62 (θ = 15o, 45o and 75o) and some field angles showing a continued decrease in
Hcr (θ = 0o and 90o). Angles θ = 30o and 60o showed no observable reversal events
in the MR signal for L/S = 1.62 and therefore is not considered an increase or
decrease in the initial Hcr. The mixed results in the change in Hcr at 295 K are
believed to be a result of the increase in the addition to the thermal resistivity of
the system at higher temperatures and the addition of substantial amounts of noise
into the experimental setup. Magnetoresistance scans done at 295 K were
considerably noisy and susceptible to external disturbances of any of any of the
electrical connections. The lack of an observable reversal event in MR scans for
L/S = 1.62 at θ = 30o and 60o is likely due to the suppression of the magnitude of
the reversal event magnitude by the distortion and the elevation of the noise floor.
The simulated magnetic reversal, done at 0 K, shows definitive reversal events that
one would expect to be present in the MR signal, but are absent.
It is clear from comparison of the reversal events in the L/S = 1.30 and L/S
= 1.62 distorted aperiodic lattice to the undistorted lattices that the Fib-Hex
Distortion affects the reversal of the systems under an external field. The external
field, Hcr, that the segment reversal event is altered by the Fib-Hex Distortion, as
well as the nature of the reversal event. The reversal event range in field and
magnitude is altered from the undistorted L/S = 1.00. At certain angles, the
addition of frustration from the Fib-Hex Distortion introduces evidence of a
second reversal event. L/S = 1.30 sees evidence of a second reversal event at θ =
30o, 75o and 90o and the L/S = 1.62 sees evidence of a second reversal event in the
MR signal at θ = 15o, 30o, 45o and 90o. This behavior is understood by the
increased frustration in the system increasing the nonstochastic behavior of the
reversal of the segments. This affect was observed by Bhat et al and Farmer et al
[60, 85].
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The asymmetry of the 295 K longitudinal data when compared to the data
take on the 3-Axis system at 10 K is attributed to systematic differences between
the two experimental setups. The 295 K data taken on the 2-Axis system
consistently show a linear background asymmetry when scanned from P-N field
saturation. This asymmetry is considerably reduced in the subsequent N-P scan
and is even further reduced with increased angle θ of the applied magnetic field.
This asymmetry is believed to be the samples resistance to magnetic “training” of
the sample that can be seen in the MR scans at low temperatures. When the P-N
and N-P field sweeps are done repeatedly the asymmetries present in the data are
incrementally reduced. This effect would be exaggerated at elevated temperatures
and energies. Experiments were planned to repeat longitudinal scans multiple
times to determine if this effect can be trained out of the RXX scans, but sample
synthesis and laboratory access limitations at the time of this writing prevented
confirmation of this explanation for the asymmetry.
Another curious artifact in the 2-Axis data take at room temperatures is the
presence of a relative minima and tail on the RXX scans at +/- 2 kG saturated fields.
At high field the parabolic back ground expected should reach a minimum value
as the saturation field pulls the Ising spins away from the long axis of the
permalloy segments and creating a low resistivity state in any segments not
parallel to the applied field angle. In the RXX scans the minimum is found and a
tail is apparent as the MR signal increases noticeably from approximately +/- 1.75
kG to +/-2.0 kG. This affect is due to the power applied to the water-cooled
magnet falling off, away from the linear response it shows at lower field, at high
field. When calibrating the magnetic field of the magnet prior to use the field
dependence of the applied voltage is linear and can be well calibrated. But as the
voltage is increase to the maximum value of 40V the field response drops off.
This results in the functional applied field being less than what the system reads
starting around +/- 1.7 kG. From this value to +/- 2.0 kG the field is slowly
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decreasing instead of increasing with each step in voltage. This has no effect on
the MR reversal signals we are studying in this work. All of those reversal events
happen between +/- 1.5 kG in both the 10 K and 295K data. The result is that as
the field magnitude decreases again the Ising spins return to their original
positions along the long axis of the permalloy segments and resume a higher
resistance state.

5.4.5

Transverse Magnetic reversal at 295 K
Examining the magnetoresistance (MR) scans of the transverse MR scans, RXY, of

the three samples in the 2-Axis magnet system at 295 K, we again see the effect of the
Fib-Hex Distortion on the nature and external applied field of the reversal events. We
again see a trend of the reversal events being pushed to lower Hcr values for L/S = 1.30
when compared to the undistorted L/S = 1.00. The decrease in the Hcr for L/S = 1.30
ranged from no change at θ = 30o and 75o and a decrease in Hcr of 92% at θ = 90o with an
average decrease for the L/S = 1.30 distortion of 25%. The Hcr for the L/S = 1.62, when
compared to the L/S = 1.30, increases for all angles. The increase in HC for L/S = 1.62
ranges from 12% at θ = 30o to 88% for θ = 15o with the average increase in Hcr from L/S
= 1.30 of 52%. The comparison of Hcr for L/S = 1.62 and L/S = 1.00 shows that over all
the L/S = 1.62 increases Hcr for angles except for θ = 45o and 90o. Those showed a slight
decrease in the HC from the undistorted hexagonal lattice.
The reversal event peaks that represent the flipping of the permalloy segments
evolve as expected with angle for as reported by Zhao et al. [84]. The MR scans follow
the expected angular dependence of the Planar Hall effect (PHE) with angle. The
parabolic background is reduced at θ = 0o and θ = 90o and maximum at θ = 45o. The
reversal events themselves show an evolution under the implementation of the Fib-Hex
Distortions from L/S = 1.00 to L/S = 1.30 and L/S = 1.62. At θ = 0o, the reversal events
for all distortions are very similar, but at θ = 15o the events evolve with distortion ratio
and the L/S = 1.62 shows evidence two distinct reversal events. The reversal location in
field, duration and magnitude is affected by the distortion. We see evidence of a second
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reversal event in the MR signal for L/S = 1.30 at θ = 30o and 60o and for L/S = 1.62 at θ =
15o, 30o and 75o. From the plots of the MR scans we see that some of these reversal
events are discontinuities in the MR signal and not the large peaks that are expected due
to the elevation of the noise floor for the 295 K data. Again, we see that the evidence of a
second reversal events in the MR signal is evidence of the increased nonstochastic nature
of the reversal as the frustration is increased by the Fib-Hex Distortion. There is an
asymmetry the L/S = 1.30 magnetoresistance at θ = 15o that is due to a disturbance in the
electrical connections of the experimental setup. The large increase in the resistance in
the P-N scan is not physical and the symmetry of the reversal events for this scan shows
this as experimental defect. It is also work noting that the transverse magnetoresistance,
RXY, lack the overall asymmetry between the P-N and N-P scans that was evident in the
longitudinal, RXX, scans for 295 K. This if further proof that the asymmetry seen in the
longitudinal MR scans was an artifact of the experimental setup and not a physical
response of the magnetoresistance of the system.

5.4.6

Distortion Depending Anisotropic Magnetoresistance Ratio
One of other effects of the introduction of the Fib-Hex Distortion into the periodic

hexagonal lattice is the effect that this distortion has on the anisotropic magnetoresistance
(AMR) ratio of the system. The AMR effect is one of the dominant effects in this work
and is prominent in conducting thin films and ferromagnetic thin films. The effect is the
dependence of the resistivity on the angular alignment between the magnetization of the
ferromagnetic material, M, and the direction of the current density, J. This relationship is
described in Chapter 2. The AMR ratio is defined by:
∆𝜌𝐴𝑀𝑅
𝜌𝑖𝑠

=

𝜌𝐿𝑠 − 𝜌𝑇𝑠
𝜌𝑖𝑠

(5.2)

where:

𝜌𝑖𝑠 ≡

1
3

𝜌𝐿𝑠 +

2
3

𝜌𝑇𝑠
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(5.3)

here ρLs and ρTs are the saturated longitudinal and saturated transverse resistivity and ρis is
the isotropic resistivity that is used as a normalizing factor. This normalization factor is
used because the zero-field resistivity is not well defined and dependent on the magnetic
history of the sample [86]. Since the saturated resistivity, ρ, is different from the
resistance, Ω, by a common factor of (L/wt) for all the segments of the same sample.
That factor is cancelled in Equation 5.2 making it a simple task to calculate the AMR
ratio from the saturated resistance values from the MR scans. Making this calculation of
the ratio for L/S = 1.00 and L/S = 1.30 and L/S = 1.62 we see that the AMR ratio is
dependent on the distortion of the lattice. The AMR ratio decreases as the distortion ratio
is increased from L/S = 1.00 to L/S = 1.62 for both data taken at 10 K and 295 K. The
calculated AMR ratio shows a parabolic dependence with angle that is expected
considering the Planar Hall effect with a maximum at θ = 45o and minimums at both θ =
0o and 90o. The AMR ratio is greatest for the undistorted L/S = 1.00 for both 10 K and
295 K. For the 10 K data the AMR ratio decreases by approximately 2.6% from the L/S
= 1.00 to L/S = 1.30 and another 2.4% from L/S = 1.30 to L/S = 1.62. For the 295 K data
the decrease from the L/S = 1.00 to L/S = 1.30 is approximately 3.0% and for L/S = 1.30
and L/S = 1.62 the decrease is approximately 4.0%. This relationship can be seen in
Figure 5.20.
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Figure 5.20 – AMR ratio for L/S = 1.00, L/S = 1.30 and L/S = 1.62 distortions. (a) 10 K
data shows the expected parabolic background from the PHE and shows a decrease of the
AMR ratio as the Fib-Hex Distortion is increased. (b) 295 K data shows the same
parabolic background and decrease in the AMR ratio with the increase of the Fib-Hex
Distortion is increased from L/S = 1.00 to L/S = 1.62.

5.6

Summary and Conclusion
We have demonstrated that the implementation of the Fibonacci Hexagonal

distortion in the periodic hexagonal artificial spin ice lattice distorts the periodic lattice to
an aperiodic lattice with increased frustration that changes the reversal behavior of the
system under an external magnetic field. The introduction of the Fib-Hex Distortion
alters the locations of the lattice points of the periodic hexagonal lattice crating an
aperiodic lattice. The new vertices of the aperiodic lattice are altered form the uniform 3
coordination vertices of the hexagonal lattice with different segment lengths and relative
angular positions of the segments. These changes affect the ground state energies of the
eight newly created vertices when compared to the undistorted hexagonal lattice. The
magnetoresistance measurements done at low temperatures and at room temperatures
both show the distortion changes the external field at which the reversal events occur, the
duration of the event and the nature of the reversal event. The introduction of the
distortion L/S = 1.30 shows a tendency to lower the critical field value of the applied
field needed to nucleate a domain wall and push it through the system when compared to
the undistorted hexagonal lattice. This domain wall motion is represented as large peaks
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in the magnetoresistance signals measured experimentally. The L/S = 1.62 distortion
shows a trend to increase the critical field, Hcr, needed to nucleate and move domain
walls when compared to the L/S = 1.30 and tends to be lower than the critical field
needed to reverse segments in the undistorted L/S = 1.00 hexagonal lattice. The
magnetoresistance signal is dominated by the Planar hall effect and the anisotropic
magnetoresistance effect prominent in ferromagnetic thin films like those used in his
experiment. The Planar Hall effect is responsible for the parabolic background seen in
the magnetoresistance scans. The Anisotropic magneto resistance is dependent on the
relative orientations of the current density and the magnetism of the ferromagnetic
material. The anisotropic magnetoresistance affect sees a large change in resistance
when the Ising spins aligned with the long axis of the permalloy segments is flipped by a
domain wall sweeping through the segment. That change in resistance is recorded as the
large reversal peaks in the magnetoresistance signals. For certain angles and distortions,
these reversal events show evidence for two distinct reversal events at different applied
field values. This behavior is evidence of increased nonstochastic reversal behavior as
the frustration in the lattice is increased.
We conclude that his work shows the introduction of the Fibonacci Distortion
developed by our group can be applied to a periodic artificial spin ice lattice, continually
distorting that lattice into an aperiodic artificial spin ice lattice has a measurable effect on
the reversal dynamics of a system of connected permalloy segments. That increased
distortion creates 8 vertices form the standard periodic coordination 3 vertex of the
hexagonal lattice and 7 of those at are unique to the Fib-Hex Distortion. The distortion
value can be adjusted by the adjustment of the ratio of “Long” and “Short” segments in
the L/S ratio of the distortion to affect the critical field under which the permalloy
segments are flipped through the nucleation and transport of domain walls. The Fib-Hex
Distortion decreases the Anisotropic magnetoresistance ratio of the thin film system as
measured from the magnetoresistance measurements. Increasing the distortion from L/S
= 1.00 to L/S = 1.30 and L/S = 1.62 increases the frustration patterned into the system
and resents as an evolution from a single reversal events in the magnetoresistance signal
to multiple reversal events in the system. This is evidence that he introduction of the
Fibonacci Distortion represents an evolution of the reversal behavior of the connected
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artificial spin ice system from a system defined by stochastic reversal behavior to a
system dominated by nonstochastic reversal behaviors in the presence of an external
magnetic field.
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CHAPTER 6. SIMULATIONS OF MAGNETORESISTANCE OF A 2D FIBONACCI DISTORTED
HEXAGONAL ARTIFICIAL SPIN ICE
In this chapter we compare the experimental magnetoresistance (MR) of the
undistorted hexagonal Artificial Spin Ice (ASI) lattice and the Fibonacci distorted
hexagonal ASI lattice to OOMMF simulations of both systems. Simulations were
conducted on a truncated version of the hexagonal ASI consisting of 19 hexagons
arranged connected to form a larger overall hexagon. This size of hexagon seen in Figure
6.1 (a) is considered a “3rd Generation” hexagonal pattern created by starting with the
central hexagon and then adding two additional layers of hexagons. This reduced version
of the overall hexagonal ASI transport samples saves time and computing power need to
complete the simulations. The size and simulated current path used for these simulations
was chosen to model the previous work done on this subject by Le et al. 2017 [02]. The
paths for all three Fibonacci Distortions of the hexagonal ASI are illustrated in Figure
6.1. The beginning and end of both RXX and RXY paths is the same for distortions L/S =
1.00, L/S = 1.30 and L/S = 1.62. It is clear though, that while the beginning and end of
the simulated paths remains the same, the actual path is changed because of the
application of the Fibonacci Distortion. As the distortion ratio is increased, the length of
the segments is altered, and the coordination of the vertices is changed. The vertices are
altered from being a single coordination 3 vertex of the standard hexagonal lattice to a
series of 8 different vertex configurations. These changes in the length and coordination
of the vertices creates discreate difference in the relative orientations of the
magnetizations of the segments and the current path in the simulation.
As described earlier in this thesis, OOMMF is a powerful tool to solve the
Landau-Lifshitz equation (Equation 4.11) for a discretized mesh of the sample geometry
imported. The simulation package takes into account the applied field, the exchange
energy, the demagnetization, and any anisotropy present. In OOMMF simulations a
particular geometry is divided into small cubic cells that hold a single, three-dimensional
magnetization vector of a uniform length. The size of the cell correlates with the smallest
volume over which the magnetization varies and is related to the exchange interaction
strength. For Permalloy, a cell size of 5 nm x 5 nm is standard. The package then solves
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for the magnetic state of the magnetic material for each point in the discretized mesh of
your geometry in a specific field. The solver then relaxes the 3D spin of the material in
to a 2D representation of that magnetization for each point in your mesh. The simulation
is done when the time dependent magnetization of the sample drops below a specified
value set in the OOMMF algorithm.
Using OOMMF we simulated the experimental setup and used that simulation to
explain the details of the magnetic reversal events seen in the experimental data. The
simulations were done on the same three distortions studied experientially with
distortions of L/S = 1.00, L/S = 1.30 and L/S = 1.62. A DC current of 20 mA was
applied along the paths through the different distortions as illustrated in Figure 6.1. The
longitudinal (RXX) and transverse (RXY) were then calculated from OOMMF as the
external applied field is swept from +/- 9.5 kG. Each magnetic field sweep is simulated
at an applied filed of θ = 0o to θ = 90o in 5o steps. The plots are zoomed in to focus on the
field ranges of +/- 3.0 kG to highlight the reversal regime of the overall magnetic reversal
of the simulation. One of the main differences in the experimental setup and the
simulated experiment is the initial conditions of the magnetization of the texture of the
sample. For 10 K measurements on the 3-Axis Magnet system, experimental setup
started with zero applied field and then the field was increased to +9.5 kG and the field is
swept to -9.5 kG, then back to +9.5 kG and final decreased to 0 G to end the scan. For
295 K measurements on the 2-Axis Magnet system, the initial and final field values are
the same, but maximum field applied was instead +/- 2 kG. The patterned permalloy thin
film sample will have a magnetic history that is dependent on the previous magnetic field
conditions. In the OOMMF calculation the initial conditions of the magnetization must
be loaded into the simulation and it is then used to calculate the magnetization at the
applied field and export the desired resistance values for RXX and RXY. We found
through the attempts to simulate these results that the OOMMF simulation could have
trouble converging to a solution if your initial magnetic conditions inputted to describe
the permalloy system were not well defined and somewhat uniform. This issue was more
pronounced at specific angles such as θ = 30o. At this angle, the solution to this was
found to be to use the final magnetization texture of the simulation of the previous scan
as the initial conditions for the scan at the next angle. Therefore, the simulations do not
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begin at a zero applied field value as the experimental data does, but instead the saturated
magnetization of the previous scan is used as the initial magnetic texture of the simulated
sample.
One consideration for evaluating the accuracy of the simulations at both 10 K and
295 K is the selection of the current path and the vertices that are intercepted by
simulated current path. As discussed previously, the current path for the simulated work
was chosen to align with work done by Li et al. [02] as shown in Figure 6.1. For the
undistorted hexagonal lattice, the path of the simulated current is of little consequence.
The undistorted lattice has uniform coordination 3 vertices with a separation between
segments of 120o. The only variation is a mirror symmetry concerning whether the
horizontal segment of the vertex is to the left or right of the vertex. When the Fib-Hex
Distortion is applied to the periodic hexagonal ASI lattice resulting in an aperiodic ASI
lattice, the distortion introduces 7 additional unique vertices for a total of 8 vertex
configurations. Examining the current path for longitudinal and transverse
magnetoresistance as the distortion is increased from L/S = 1.00 to L/S = 1.62 we notice
that the chosen current path does not intercept all the 8 new vertices. The longitudinal
magnetoresistance path, RXX, intercepts vertices v1, v3, v5, v6 and v8. The transverse
magnetoresistance path, RXY, intercepts v1, v4, v5, v6 and v7. Neither current path
intercepts all 8 vertices, and no path intercepts the v2 vertex. In the physical sample the
current paths are averaged over a larger area and would intercept all newly created
vertices from the addition of the Fib-Hex Distortions.
Another consideration when comparing the simulations to the experimental data is
that the simulated resistance is plotted in arbitrary units (A.U.). Theis makes the overall
magnitude of the features observed in the simulations not representative of the physically
experiment. This was also observed in the work done by Le et al. [02]. The OOMMF
simulated data magnitudes were not considered as a correct result, but rather the overall
shape of the curve and the locations that any reversal events observed. This can result in
a mismatch in the relative magnitudes of the reversal events between the experimental
MR data and the simulated MR data for field sweeps at the same distortion and applied
filed angle.
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Finally, the simulations are conducted assuming a temperature of 0 K for the
experiment. This assumption means the simulations do not consider any thermal
fluctuations in the experimental setup and can exclude other sources of resistivity in the
permalloy segments that are temperature dependent. The simulations would then ignore
any temperature-dependent election scattering cause by lattice vibrations (phonons) in the
system at higher temperatures. We expect that the simulation data will reproduce the
results of the low temperature experimental data on the 3-Axis system at 10 K with better
accuracy than the room temperature data taken on the 2-Axis system at 295 K.
In the next sections we will compare the experimental data at 10 K and 295 K to
the simulation data for each of the distortions at L/S = 1.00, L/S = 1.30 and L/S = 1.62
for applied field angles of θ = 0o, 45o and 90o with respect to the applied current
direction.
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Figure 6.1 – Illustration of the current path used in simulating the magnetoresistance data
for undistorted and Fibonacci distorted hexagonal lattice artificial spin ice arrays. (a)
The longitudinal (RXX) is highlighted in the undistorted hexagonal ASI. (b) and (c) The
evolution of longitudinal the current path as the Fibonacci Distortion is applied for L/S =
1.30 and L/S = 1.62. (d) The transvers (RXY) path is highlighted for the undistorted
hexagonal ASI. (e) and (f) The evolution of the transvers current path as the Fibonacci
Distortion is applied for L/S = 1.30 and L/S = 1.62.
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6.1

Longitudinal Experimental and Simulated Magnetoresistance Data Comparison at
10 K
The correlation between the longitudinal MR experimental data is best when

compared to data taken on the 3-Axis vector magnet at 10 K. The OOMMF simulations
are calculated assuming a temperature of 0 K and therefore a better approximation of the
experimental data at 10 K than experimental data taken at 295 K. The magnetoresistance
of the 10 K data closely matches the overall features of the MR response for most of the
applied angles of the simulated data. The most notable difference is the simulation of the
reversal at θ = 0o. At this angle, the simulated data fails to capture the parabolic
background expected for the same applied field range as the experimental data. The
simulated still represents the same symmetric reversal events in the P-N and N-P scans,
but the magnitude of the reversal event is out of proportion to the experimental data. The
experimental and simulated MR data have good agreement with the parabolic
background and the applied field values at which the reversal events occur. The
comparisons of the longitudinal MR experimental data and experimental data for each
distortion is presented in Figure 6.2 (L/S = 1.00), Figure 6.3 (L/S = 1.30) and Figure 6.4
(L/S = 1.62).
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Figure 6.2 – Comparison of longitudinal experimental and simulated data for the
undistorted hexagonal artificial spin ice array with L/S = 1.00 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 10 K for undistorted L/S = 1.00 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.00 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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Figure 6.3 – Comparison of longitudinal experimental and simulated date for distorted
hexagonal artificial spin ice array with L/S = 1.30 for angle θ = 0o, 45o and 90o. (a) – (c)
Experimental data at 10 K for undistorted L/S = 1.30 hexagonal ASI array in field sweep
of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f) Simulated data at
0 K for undistorted L/S = 1.30 hexagonal ASI array in field sweep of +/- 9.5 kG with
field range of +/- 3.0 kG shown for clarity.
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Figure 6.4 - Comparison of longitudinal experimental and simulated date for distorted
hexagonal artificial spin ice array with L/S = 1.62 for angle θ = 0o, 45o and 90o. (a) – (c)
Experimental data at 10 K for undistorted L/S = 1.62 hexagonal ASI array in field sweep
of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f) Simulated data at
0 K for undistorted L/S = 1.62 hexagonal ASI array in field sweep of +/- 9.5 kG with
field range of +/- 3.0 kG shown for clarity.
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6.2

Transvers Experimental and Simulated Magnetoresistance Data Comparison at
10 K
The correlation between the transvers MR experimental data and the simulated

data at 10 K shows less agreement than the longitudinal simulated data, but still
represents many of experimental reversal events. The OOMMF simulations are
calculated assuming a temperature of 0 K and therefore is a better approximation of the
experimental data at 10 K than experimental data taken at 295 K. The transvers MR
simulated data again captures the parabolic background that is expected from system
dominated by PHE. The simulated MR data still represents the same symmetric reversal
events in the P-N and N-P scans, but the magnitude of the reversal events can be out of
proportion to the experimental data as discussed previously in the is chapter. The
location and nature of the reversal event represented in the simulations agrees better with
L/S = 1.00 ad L/S = 1.62 than L/S = 1.30. The simulations fail to capture the asymmetric
reversal events observed at θ = 0o and θ = 90o. The path chosen for the current direction
in the simulated data captures many of the reversal events at similar applied field ranges
as the experimental data, but some reversal events occur at a higher field value than in the
simulated data. For example, the reversal event for L/S = 1.62 at θ = 0o shows a reversal
event in the simulated data at approximately +/- 750 G, while the same event in the
experimental data occurs closer to 1.0 kG. The transvers MR experimental data and
experimental data for each distortion is presented in Figure 6.5 (L/S = 1.00), Figure 6.6
(L/S = 1.30) and Figure 6.7 (L/S = 1.62).
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Figure 6.5 - Comparison of transverse experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.00 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 10 K for undistorted L/S = 1.00 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.00 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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Figure 6.6 - Comparison of transverse experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.30 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 10 K for undistorted L/S = 1.30 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.30 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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Figure 6.7 - Comparison of transverse experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.62 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 10 K for undistorted L/S = 1.62 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.62 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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6.3

Longitudinal Experimental and Simulated Magnetoresistance Data Comparison at
295 K
The correlation between the longitudinal MR experimental data and simulated

data at 295 K shows a good agreement of the experimental reversal events but fails to
capture some of the parabolic background at certain angles. While it is expected for 10 K
experimental data to be modeled better by OOMMF simulations at 0 K, the results for
simulate data agree with the reversal events observed in the 295 K data. The simulated
reversal events have many of the same general features expressed in the experimental
data. Differences in reversal events can be mainly attributed to the magnitude of the
simulated reversal events being out of proportion to the experimental data as discussed
previously. The simulated reversal events also occur at the same approximate applied
field values as the reversal events evident in the experimental data. The simulated
magnetoresistance data fails to represent the asymmetry seen in the 295 K resistance data
as well as overall parabolic background signal at θ = 0o. The comparisons of the
longitudinal MR experimental data and experimental data for each distortion is presented
in Figure 6.8 (L/S = 1.00), Figure 6.9 (L/S = 1.30) and Figure 6.10 (L/S = 1.62).
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Figure 6.8 - Comparison of longitudinal experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.00 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 295 K for undistorted L/S = 1.00 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.00 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.

161

54
Figure 6.9 - Comparison of longitudinal experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.30 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 295 K for undistorted L/S = 1.30 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.30 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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Figure 6.10 - Comparison of longitudinal experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.62 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 295 K for undistorted L/S = 1.62 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.62 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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6.4

Transverse Experimental and Simulated Magnetoresistance Data Comparison at
295 K
The correlation between the transvers MR experimental data and simulated data at

295 K shows a good agreement with many of the experimental reversal events and good
agreement with the expected Planar Hall effect. The PHE parabolic background
maximum at θ = 45o and minimum at θ = 0o and 90o and is captured in the simulations.
Despite the expected difference in the results between simulations at 0 K and
experimental data at 295 K, the simulation captures many of the same reversal events at
the same approximate field values. Some of the simulate reversal events are different in
nature, but this difference is attributed to the difference in relative magnitude of the
simulated reversal events, plotted in arbitrary units. The simulated transverse MR data
fails to represent the asymmetry seen in the 295 K resistance data as well as overall
parabolic background signal at θ = 0o. At θ = 0o, the simulated background and reversal
events appear inverted. The reversal events have the same peaked nature and occur at the
same applied filed value but is a positive peak in experimental data and a negative peak
in the simulated data. This inversion is present in all distortion values of the hexagonal
ASI. Comparisons of the longitudinal MR experimental data and experimental data for
each distortion is presented in Figure 6.11 (L/S = 1.00), Figure 6.12 (L/S = 1.30) and
Figure 6.13 (L/S = 1.62).
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Figure 6.11 - Comparison of transverse experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.00 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 295 K for undistorted L/S = 1.00 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.00 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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Figure 6.12 - Comparison of transverse experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.30 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 295 K for undistorted L/S = 1.30 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.30 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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Figure 6.13 - Comparison of transverse experimental and simulated date for the
undistorted hexagonal artificial spin ice array with L/S = 1.62 for angle θ = 0o, 45o and
90o. (a) – (c) Experimental data at 295 K for undistorted L/S = 1.62 hexagonal ASI array
in field sweep of +/- 9.5 kG with field range of +/- 3.0 kG shown for clarity. (d) – (f)
Simulated data at 0 K for undistorted L/S = 1.62 hexagonal ASI array in field sweep of
+/- 9.5 kG with field range of +/- 3.0 kG shown for clarity.
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6.5

Summary and Conclusion
In this chapter we have discussed our use of OOMMF to simulate the

magnetoresistance (MR) results of a periodic and aperiodic hexagonal lattice that is the
result of our application of the Fib-Hex Distortion. The simulated data has several
anticipated differences from the experimental data due to the nature and execution of the
OOMMF algorithm. The simulation is conducted at 0 K when the magnetoresistance
signal is calculated, but that is impossible to achieve in an experimental setup and the
simulated data therefore lack any temperature depended resistivity sensitivity. The
chosen simulated current paths to not intercept all the new vertex configurations that are
present in the distorted experimental sample. Neither longitudinal or transverses MR
paths intercept all vertices, and the simulated magnetoresistance signal does not include
any contributions from current passing through a v2 vertex. Finally, the relative
magnitude of the reversal events as compared to the experimental data is unreliable. This
affect is mentioned in other work and the MR signal is often plotted in “arbitrary unites”.
This results in the scale of the reversal events distorts the overall MR signal and the
parabolic background signal expected for systems dominated by the Planar Hall effect
(PHE) and Anisotropic Magnetoresistance (AMR).
Regardless of the known issues with data simulated in OOMMF, when compared
to the experimental data the simulated data agrees well and represents many of the
reversal events expressed in the experimental data. The overall reversal nature of the
event in the MR signal is represented well when you consider that the magnitude of the
reversal is not to physical scale. The applied magnetic field at which the reversal events
occur is of similar range in the filed sweep range in both the simulated and experimental
date. The simulated data shows a more uniform window of the reversal events compared
to the experimental data, but still expresses the double reversal event that are present in
the L/S = 1.62 distorted longitudinal signal. Finally, the simulated data shows good
agreement with the parabolic background signal expected in the longitudinal MR signal
and the Planar Hall effect expected for the transverse MR signal for thin ferromagnetic
films.
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CHAPTER 7. FUTURE WORK
7.1

Hall Measurements of Fibonacci Distorted Hexagonal Artificial Spin Ice Array
The first and most apparent focus of study for continuation of this work is to

measure the Hall Voltage of these distorted hexagonal artificial spin ice (ASI) systems in
an applied perpendicular applied magnetic field. All data taking in this thesis was taken
in the plane of the sample as well as in the plane of the applied current. The applied
magnetic field is swept from positive to negative saturation at angles with respect to the
applied current direction from θ = 0o, 15o, 30o, 45o, 60o, 75o and 90o while the in plane
longitudinal and transvers voltages are measured. These experiments were conducted for
all three distortions L/S = 1.00, L/S = 1.30 and L/S = 1.62. In that experimental
orientation the dominating effects are those of the Planar Hall Effect (PHE) and the
Anisotropic Magnetoresistance (AMR). The PHE is represented as the parabolic
background is a function of the angle between the current density and the angle of the
applied field, θ. The PHE angle dependence goes as Sin(2θ) and is responsible for the
parabolic background and the lack of it in our MR single at θ = 0o and θ = 90o. The AMR
effect is seen in the reversal events, where the nucleation and motion of domain walls
presents as a sharp peak in the magnetoresistance signal. This peak or discontinuity in
the MR signal is a consequence of the sudden changing the segments magnetization angle
with respect to the applied current direction. These results showed distinct reversal
events dependent on the applied Fibonacci Distortion for the applied external field.
We propose applying a field sweep perpendicular to the plane of the sample and
monitor the same longitudinal (RXX) and transvers (RXY) measurements of the undistorted
and distorted hexagonal ASI while the field is swept from +/- 9.5 kG. This is a logical
continuation of this work and experiments were planned, but not completed due to time
constraints and limitations of sample synthesis at the time of writing. Previous work by
Zeissler [13] on connected undistorted hexagonal ASI systems shows the longitudinal
and transverse MR data that displays no abrupt reversal events when field is applied
along the z-axis and swept from positive (or negative) to negative (or positive) saturation.
Only a parabolic background that is expected for the PHE. While not able to measure all
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three distortions due to sample viability, we were able to make an initial measurement of
the Hall voltages for L/S = 1.30 for a +/- 9.5 kG field sweep applied in the z-axis
perpendicular to the sample plane. The initial result shows a reversal event for transvers
MR at +/- 6.43 kG and a reversal event for the transverse MR signal at +/- 6.48 kG. Data
taken by Zeissler [13] shows no such reversal events. The reversal event in the transverse
MR signal shows a magnitude of the reversal event orders of magnitudes larger than the
longitudinal MR data. This initial result needs to be investigated with our own
confirmation of the undistorted, L/S = 1.00, hexagonal ASI Hall voltage measurement
and the fully distorted L/S = 1.62 sample. A new sample set will need to be synthesized
and new simulations in OOMMF for an applied field in the z-axis of the sample will need
to be done. The resulting magnetic reversal simulated in OOMMF will then be used to
explain the experimental reversal events in the distorted hexagonal ASI. Comparison of
these two measurements can be seen in Figure 7.1, (a) – (d).
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Figure 7.1 – Comparison of the Hall Resistance of an undistorted hexagonal artificial spin
ice array to a distorted, L/S = 1.30, hexagonal artificial spin ice array. (a) Longitudinal
magnetoresistance for undistorted hexagonal ASI. Data taken by Zeissler [13]. (b)
Longitudinal magnetoresistance showing distinct reversal events in distorted, L/S = 1.30,
hexagonal ASI. (c) Transverse magnetoresistance for undistorted hexagonal ASI. Data
taken by Zeissler [13]. (d) Transverse magnetoresistance showing distinct reversal events
in distorted, L/S = 1.30, hexagonal ASI.

7.2

Transport Measurements of Thermally Active Ammann-Beenker Quasicrystal
The second focus of future transport measurements would be to study a thermally

active Ammann-Beenker quasicrystal system to examine the phase transitions from a
paramagnetic state at higher temperatures to an ordered antiferromagnetic state with
multiple delineated sub lattices in the ground state. Past work done in the De Long
Group at University of Kentucky has focused on aperiodic quasicrystals and their effect
on the magnetization reversal of the system as well as the magnetic ordering in the
presence of the magnetic frustration implicit in the system. An aperiodic quasicrystal is a
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system that has a rotational symmetry, but no translational symmetry [60]. These
systems have inherent frustrated vertices that act as energetic barriers to a frustrated
ground state. The two systems have been studied extensively in our group were the
Penrose P2T Tiling [60] and the Ammann-Beenker [87]. Both systems exhibit ordered
sublattice of Ising Spins due to the magnetic frustration of present in the system. The
most recent work done by Farmer [87] has investigated the emergence of an
antiferromagnetic ordering in the spin-spin correlation of the Ammann-Beenker.
Simulated data showed the emergent sublattices of correlated spins and these sublattice
were then verified through experimental data using SEMPA of annealed samples. The
samples were annealed to a temperature above the Curie Temperature of Permalloy and
then is slowly cooled to room temperature. A spin-spin correlation calculation of the
nearest neighbor Ising Spins showed the oscillatory behavior expected for the
antiferromagnetic ordering of the Ammann-Beenker systems.
We proposed studying this paramagnetic-antiferromagnetic phase transition of the
Ammann-Beenker aperiodic spin ice system through transport measurements as a
function of Temperature. The samples that were studied by Farmer were 6nm thick
Permalloy capped with a couple of nanometers of Al to passivate the sample from
oxidation. Samples of permalloy of this thickness are not thermally active within the
experimental range available for transport measurements. To work in a temperature
range that is accessible, the samples can be synthesized to a thickness of 2.4nm of
permalloy capped with 1.5nm of Al. Square spin ice X-ray measurements done by our
group have found this thickness of permalloy is thermally active at approximately 200 K.
This would allow for R(T) data to be taken as the system is cooled from above 200 K to
below 200 K, through the expected antiferromagnetic and paramagnetic transition. The
above the AF TC the thermally active paramagnetic state, with spins constantly flipping,
will represent as an averaged magnetoresistance signal. Below the AF TC at the onset of
the antiferromagnetic ground state will lock the Ising spins of the segments into a ordered
or partially ordered state of coordinated sublattices. This AF state of static Ising spins
will have a static magnetoresistance and that difference will denote the phase transition
from the PM to AF state in the Ammann-Beenker system. The Anisotropic
Magnetoresistance (AMR) is sensitive to the presence, or lack of a domain wall in a
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permalloy segment. The paramagnetic, thermally active, phase of the Ammann-Beenker
will have rapidly flipping segments and that fluctuation will be moderated by domain
walls passing through the permalloy segment. We expect the change in the overall
magnetoresistance signal, containing the AMR signal, to denote the phase transition of
the Ammann-Beenker system.

60
Figure 7.2 – Monte-Carlo Simulation and SEMPA images for Ammann-Beenker Tiling.
(a) Monte-Carlo simulated ground state showing the coordinated sublattice. The
magnetization is represented as an Ising spin on the segment. (b) SEMPA data of the
annealed Ammann-Beenker. The direction of the magnetization of each permalloy
segments is represented by the color wheel at the bottom of the figure. (c) Ising spin
representation of the SEMPA data from the annealed Ammann-Beenker sample. While
not a completely in the ground state, the coordinated sublattice expressed in the MonteCarlo simulation are clearly present.

7.3

Magnetoresistance of the Correlated Sublattice of the Amman-Beenker
Quasicrystal
A secondary experiment to a thermally active Ammann-Beenker system studied by

Farmer [87] is a magnetoresistance study of the reversal of the sublattice of magnetic
spins under an external field sweep with varied angle with respect to the applied current.
As discussed before the Penrose P2T Tiling [60] and the Ammann-Beenker [87] exhibit
ordered sublattice of Ising Spins due to the magnetic frustration of present in the system.
These ordered sublattices of either the Penrose P2T Tiling or Ammann-Beenker are
correlated, meaning that if one spin in that sublattice is flipped the rest of the spins
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belonging to that sublattice will slip as well to avoid creating a high energy vertex. This
phenomenon was verified by Farmer through Monte Carlo Simulations used to achieve
the ground states of both the Penrose P27 and Ammann-Beenker systems. The
sublattices were found to be degenerate, with that degeneracy representing the possible
parallel and antiparallel orientation of Ising spins on these respective sublattices.
Magnetoresistance experiments are sensitive to the reversal of permalloy
segments under the influence of an external field and we predict that the uniform reversal
of these correlated sublattices can be detected as clearly as peaks in the
magnetoresistance signal. In this work we have showed that the introduction of
additional frustration into the periodic hexagonal lattice introduced secondary reversal
event in the MR signal. Patterning a Ammann-Beenker sample in thickness similar that
of the work done by Farmer [87], the sample can be anneal to achieve a partially ordered
state that was achieved by Farmer and then studied with magnetoresistance experiments
to detect the reversal of the correlated sublattice. The sublattices associated with the
ground state will likely not be fully realizes, but the expectation is that the sublattices will
reverse uniformly under an applied magnetic field in the plane of the magnetic thin film.
Hall measurements can be done as well in this geometry with a field applied in the zdirection perpendicular to the plane of the film to detect any Hall effect signal associated
with the Amman-Beenker Quasicrystal system.

7.4

Summary and Conclusion
Frustrated systems consisting of aperiodic systems have proven to be a useful test

bed to demonstrate the effects of frustration on a periodicity of an artificial spin ice array
when compared to a periodic ASI array. The addition of the frustration introduces
additional energic restraints to the path for the systems to revers under an external
magnetic field and leads to highly orders ground state spin configurations. These highly
order spin systems can be studied in a variety of magnetic imaging techniques and
simulation methods to determine their magnetic configurations and ground states.
Magnetoresistance experiments are sensitive to the presence and motion of domain walls
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through a system of ferromagnetic nanowires. Together these methods can be used to
determine their highly correlated ground states and determine how the introduction of the
patterned in frustration affects the magnetic reversal of the system in an external field.
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